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Ni based superalloys have been extensively applied for high temperature structural 
materials such as various turbine sections in aircraft and automotive because of excellent 
resistant properties of oxidation, corrosion, fatigue and creep at elevated temperature. 
These characteristics have been obtained by metallurgically controlled microstructure 
through advancing the fabrication techniques (conventional gravity casting and 
directional solidification casting) as well as the alloy system to be more stable at high 
temperature.  
Inconel 713C (IN-713C) alloy is early developed among conventionally casted Ni 
based superalloys. IN-713C alloy is usually applied for materials of turbine wheel and 
waste gate valve in automotive turbocharger parts. For industrial trend for IN-713C alloy, 
according to increase of application temperature range by strengthened emission gas 
regulation, its usage is also being extended from diesel engine (used at 850oC) to gasoline 
engine (used at 1000oC). Although many trials have been conducted to satisfy for 
industrial trend and substitute with more advanced alloys than IN-713C alloy, the 
application was not progressed due to difficulty of cost comparing with conventional IN-
713C alloy. Therefore, it is necessary to develop the high temperature performances of 
conventional IN-713C alloy with low cost.  
Many things to develop the alloys can be considered with microstructure controlling 
by post processes such as heat treatment and deformation. However, because IN-713C 
alloy is used in as-cast condition, it should be concentrated within fundamental casting 
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process. As one of candidate for alloy development, micro-alloying element addition 
effect was selected in this study because it can be reasonable for industrial trend with low 
cost.  
In IN-713C alloy, micro-alloying element is being used with Zr, C and B to modify 
the grain boundary characteristics by MC carbide and Boride precipitations. However, 
because of their optimum contents in alloy system, novel micro-alloying element is 
necessary to advance the alloy system.  
Rare earth metal elements such as La, Ce and Y have played a role to improve the 
high temperature performances in various heat resistant alloys with extremely small 
amount additions as ppm order. Especially, although their substantial influences have 
been investigated for Ni based superalloys, metallurgical behaviors were not clearly 
researched. Moreover, studies in IN-713C alloy have not been conducted. 
As first approaching in IN-713C alloy, Yttrium addition effect is introduced in this 
study. This element is well known to improve the high temperature oxidation resistance 
and fatigue properties by oxide dispersing along grain boundary in various heat resistant 
alloys such as Fe-based and Ni-based alloys. For pure Yttrium addition in Ni based 
superalloy, several previous reports have been introduced that high temperature creep 
rupture properties have been enhanced by extremely small amount of Yttrium addition 
(as ppm order) through morphological evolution of MC carbides, while high temperature 
tensile strength and elongations have not been obviously affected. Moreover, studies 
about effect of Yttrium addition on microstructure and high temperature mechanical 
properties has not been treated in IN-713C alloy. Therefore, it is limited to predict whether 
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Yttrium addition is really desirable for Ni based superalloy or not. Hence, the main 
purpose of my Ph.D study were to clarify the Yttrium addition effect on relationship 
between microstructure and high temperature performances in as-cast IN-713C alloy.  
The main findings about role of Yttrium addition on microstructure and mechanical 
properties on as-cast IN-713C alloy following below. 
1) Reproducibility of high temperature rupture life and elongation was improved by 
extremely small amount of Yttrium addition as 0.05 and 0.09 mass% in as-cast IN-
713C alloy. Yttrium changed the columnar to equiaxed transition behavior in as-cast 
condition. Equiaxed dendrite formation in center of cast ingot was accelerated by 
Yttrium addition compared with conventional IN-713C alloy. Therefore, Yttrium 
successfully controlled the fracture behavior which preferentially progresses through 
transverse columnar grains. 
2) In order to investigate the formation mechanism of equiaxed dendrite grain, 
solidification behavior was studied in detail. Two of factors affecting equiaxed dendrite 
formation has been investigated. One is the effect of Yttrium oxide formation. However, 
Yttrium did not react with oxygen during solidification. The other is dendrite 
fragmentation process strengthened by elemental segregation during solidification. 
Yttrium changed the residual liquid segregation at the last stage of solidification. 
Thereby, equiaxed dendrite grain formation was increased by Yttrium addition. 
3) In order to homogenize the elemental segregation formed by Yttrium addition, solution 
treatment and aging treatment were conducted further. Homogenization during solution 
treatment was not sufficient for Yttrium added alloy. However, because of solubility 
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change of γ-forming elements and evolution of elemental partitioning behavior for γ 
and γ', the coarsening of γ' phase occurred during isothermal aging, has retarded with 





















Chapter 1.  
Research background 
 
1.1 Fundamental characteristics of Ni based superalloys 
1.1.1 Development of Ni based superalloys 
“High temperature alloys” can be expressed as the alloys that are resistant their 
physical and mechanical properties at elevated temperature [1]. As one of representative 
alloy, Ni based superalloys are being broadly applied with 40~~50% of total weight of 
aircraft engine system [1-4].  
The development of Ni based superalloy has commenced with usage of steam turbines 
in 1800s [1-4] (Fig.1.1). Gas turbine engine systems which is used for propulsion and 
electricity generation, roughly consist of compressor, combustion chamber, turbine and 
exhaust nozzle. Theoretically, Carnot’s reversible heat engine can be explained how gas 
turbine engine works and how to reinforce the heat efficiency. Fig.1.2 shows the Brayton 
cycle for an ideal gas with schematic of gas turbine engine [5]. The heat efficiency (η) is 
defined as η = 1-(T2/T1). Therefore, higher temperature in T1 where turbine entry 
temperature (TET) give rise to improve the heat efficiency in engine system.  
Considering the application temperature for turbine engine system, material selection 
become more important factors. During in service, especially rotating parts among turbine 
sections, such as blades undergo the creep deformation at high temperature due to 
centrifugal forces during rotating. Under high temperature creep conditions, creep shear 
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where ?̅̇? is the dimensionless shear strain rate, ?̇? is creep shear strain rate, DTm is the 
diffusivity at the melting temperature, 𝛺 is the atomic volume, Qv is the activation 
energy. Thus, at particular temperature of Tm/T (is generally designated by T = 0.8Tm), 
optimum creep property of alloy can be obtained with maximum of Qv/(RT) and minimum 
of 𝐷_(𝑇_𝑚 )/Ω^(2/3) .  
The reason why nickel is selected for turbine engine material, can be demonstrated 
following as, 1) Ni has a FCC crystal structure, and thus it is considered with ductile and 
tough due to cohesive energy based on periodic table. Also, 2) it is stable in the FCC 
structure even temperature is cooling down or heating up to its melting point. Furthermore, 
3) it has low diffusion rate considering high temperature creep during in service.    
Therefore, Ni based superalloys with various alloying systems have been developed 
for turbine engine materials. 
1.1.2 Strengthening effect 
Since Ni based superalloys have been applied at high temperature above 700oC, 
microstructure characteristics have played most important role.  
The microstructure of typical superalloy consists of different phases, following below. 
1) The γ (gamma) matrix phase. This has the disordered (Ni-Ni or Al-Al) FCC structure 
with A1-type (Fig.1.3), and in nearly all cases it forms a continuous, matrix phase in 
which the other phases reside. It contains significant concentrations of elements such 
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as Co, Cr, Mo, Ru and Re where these are present. Solid solution strengthening in Ni 
based superalloy can be attained by matrix strength through addition of different 
soluble element, thereby distortion of atomic lattice caused by misfit of atomic radius.  
2) The γ' (gamma prime) precipitate. This is precipitated one when the temperature is 
cooled below its equilibrium solvus temperature in narrow compositional range. This 
phase has an ordered (Ni3Al) FCC_L12 structure with A3B-type (Fig.1.3), and rich in 
elements such as Al, Ti, Nb and Ta. Typical composition of γ' phase is Ni3(Al, Ti). 
The γ' phase affect substantially the high temperature creep resistance, tensile strength, 
fatigue limits in Ni based superalloys because of its coherent existence with matrix. 
Their microstructure relationship is followed with, 
{100} γ // {100} γ'  
<010> γ // <010> γ'                                                   (1) 
and lattice misfit, δ between γ and γ' is presented by, 





]                                                    (2) 
In commercial Ni based superalloys, lattice misfit between γ and γ' phase has been 
introduced as close to 0% at elevated temperature [6-11]. Misfit strain shows crucial 
role to control the high temperature creep property during in service. Under constant 
load at high temperature, coarsening of γ' phase should be happened owing to change 
of hypostatic stress between γ channel and γ' phase interface which is called as rafting.   
This change may give rise to control the stress field between γ and γ' phase. In other 
words, as higher as misfit strain, rafting process is accelerated. Thus, creep rupture life 
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can be enhanced by rafted γ' phase which retards the climbing dislocations at high 
temperature. Therefore, the exceptional coherency of γ and γ' at elevated temperature 
can play a role to improve the high temperature mechanical properties.  
During high temperature deformation, a partial 
𝑎
2
< 11̅0 > {111} dislocation in FCC 
γ matrix is formed (Fig.1.4). However, it cannot enter to γ' for shearing without Anti 
phase boundary (APB), thereby travelling with pair coupling dislocation where trailing 
dislocation remove the APB in γ' phase. APB energy, γAPB can be represented by 
considering with stress for cutting the particle as cutting stress ≈ γAPB / b where b is 
burgers vector. For Ni based superalloy, γAPB has been calculated with 0.1 J/m2 with 
b = 0.25nm, and stress ≈ 400MPa [1]. Therefore, finer and larger fraction of γ' phases 
can strengthen the alloy system at elevated temperature. T. Murakumo et al. [12], 
suggested that optimum fraction of γ' phase for high temperature creep rupture life with 
60% of volume fraction in unit area (Fig. 1.5).  
3) MC carbide (M is the metal and C is carbon). MC carbide in Ni based superalloy plays 
a role to improve the grain boundary strengthening, especially conventionally cast 
alloys. Sometimes, they tend to precipitate at high temperature aging treatment with γ 
matrix as M23C6, M6C and M7C3 depending on their compositions. 
1.1.3 Alloy development 
Recently, the TET in turbine engine is increasing more and more by advancement of 
application temperature owing to strengthened gas emission regulation. Therefore, the 
studies to develop the alloy system are crucial research field in Ni based superalloy. 
Generally, it can be controlled by fabrication method and change of alloying composition. 
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1.1.3.1 Fabrication development 
Ni based superalloys have been developed with wrought alloy, conventional cast alloy, 
directionally solidified alloy and single crystal alloy to satisfy the TET of turbine system 
[1-4].  
1) Wrought superalloy 
Fe-based alloys have been used as origin of superalloy. Usually wrought alloys are 
applied in cold deformed state after casting to homogenize the microstructure. Wrought 
superalloys are generally strengthened by solid solution strengthening and precipitation 
strengthening with proper physical and mechanical properties at elevated temperature. 
Mainly, application fields for wrought superalloys are in combustion chamber, blade 
and disk in gas turbines [1]. 
2) Conventional casting superalloy 
Casting technique has been developed using with vacuum melting furnace. Vacuum 
induction melting can homogenize and control the microstructure by induction melting 
in vacuum state chamber. Thus, contents of impurities such as oxygen which is 
detrimental for cast ingot can be reduced. Furthermore, Investment casting technique 
was developed which can obtain the near-net shape of product whether its shape is 
complex and complicated (Fig.1.6) [13]. Representatively, Inconel 713C [14], Mar-
M200, Inconel 738LC, Mar-M246, Mar-M247, Rene80 TM49, TM70 and TM321 
alloys are included.  
3) Directionally solidified superalloy & Single crystal superalloy 
Turbine section such as blade suffers large centrifugal force, bending moment, twisting 
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torque, and so on in different directions depending on the location. Unidirectional 
casting technique cannot solve this problem without controlling the grain structure by 
casting technique. Thus, alloys have been being fabricated by directionally 
solidification along favor direction (Fig.1.7) [15]. Also, many alloys are added to start 
the high cost refractory elements such as Hf, W and Co.  
Afterwards, in order to improve the high temperature creep resistance, single crystal 
alloy has been developed without grain boundary precipitation elements such as C and 
B. Therefore, many research groups for alloy development of Ni based superalloy have 
concentrated on how to advance high temperature creep resistance above single crystal 
alloys. Most of turbine blades being subjected in high pressure and high temperature 
part, are being used with single crystal Ni based superalloys. 
1.1.3.2 Compositional effect 
Ni based superalloys consist of various alloying composition to improve the 
microstructure stability which directly contribute the high temperature performances.  
Mainly, alloying elements can be categorized by γ matrix stabilizer (Ni, Cr [16], Mo [17], 
Ir [18] and Re [19]), γ' precipitate stabilizer (Al [20], Ti [21] Nb [22] and Ru [23]) and 
grain boundary strengthener (Nb, Ti, Zr, C [24] and B [1,4]). The way to control the 
microstructure stability with proper alloying composition can be considered by fraction 






1.2 Characteristics of IN-713C alloy 
1.2.1 Fundamental properties 
  The Inconel groups of alloys were first developed in the 1940s by Wiggin Alloys [25]. 
Among that, Inconel 713C (shortened by IN-713C) is regarded as most conventional 
precipitation hardening alloy which is an early developed alloy among conventional 
casting alloy on 1960 year’s.  
1.2.1.1 Microstructure 
Microstructure in as-cast IN-713C alloy can be mainly categorized with γ matrix and 
γ' precipitate in matrix, while MC carbide and Boride are precipitated along grain 
boundary. The γ' phase has around 40 to 50 vol.% in as-cast condition with cubic shape 
depending on casting modulus. Fig.1.8 shows the γ' microstructure in as-cast IN-713C 
alloy (electrolytically etched).  
Main alloying elements in IN-713C alloy are listed in Table 1.1. In IN-713C alloy, Cr, 
Mo and Fe are added for solid solution strengthening elements (γ-forming element), while 
Al, Ti, Nb are added for γ' precipitation strengthening elements (γ'-forming element). Also, 
Zr, C, B are added for grain boundary strengthener as low contents.  
1.2.1.2 Application, industrial trends and research necessity for IN-713C alloy 
IN-713C alloy is being applied for the materials of turbine wheel and waste gate valve 
in automotive turbocharger parts (Fig.1.9) due to excellent high temperature mechanical 
properties (Table 1.2). Turbine wheel in turbocharger system is worked by rotating with 
exhaust has which comes from atmosphere. Thus, this section is exposed at high 
temperature with severe thermal stress such as bending moment and creep stress in 
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multiple axial.  
However, recently, according to strengthened gas emission regulation (Euro 6), the 
application range of turbine wheel is being extended from diesel engine (worked at 
850oC) as well as gasoline engine (worked at 1000oC) to improve the fuel efficiency. 
Therefore, many researches to develop the high temperature performance of IN-713C 
alloy should be progressed.  
Among conventional cast alloy, Mar-M246 alloy is being representatively considered 
as alternative candidate for IN-713C alloy which has higher strength at elevated 
temperature (Table 1.3). However, the application with Mar-M246 alloy has not been 
conducted because of cost effect (Hf addition in Mar-M246) in industry. In other words, 
any alloys which have large amounts of refractory elements, cannot be a candidate for 
automotive turbine wheel. Therefore, most important requirement for high temperature 
performance development of IN-713C alloy will be 1) the cost effect and 2) number of 
reduction for fabrication processes, and 3) proper high temperature property. In other 
words, alloy development should be considered by as-cast condition without post process.  
1.2.2 Alloy development in IN-713C alloy 
1.2.2.1 Alloy development through post process 
First of all, as already introduced in various Ni based superalloys, as-cast 
microstructure and high temperature mechanical properties can be substantially enhanced 
by post process such as heat treatment. Usually, as-cast microstructure consists of 
inhomogeneous dendritic structure such as chemical gradient between interdendritic 
region and dendrite core, as well as γ' morphology. Solution treatment can homogenize 
13 
 
the chemical gradient in dendritic structure and dissolve the γ' phase. Aging treatment can 
control the fraction of γ' phase by subsequent precipitation process (Fig.1.10). Therefore, 
heat treatment including solution treatment and aging treatment can be one of possible 
way to develop the IN-713C alloy. T. Murakumo et al., [12] suggested that high 
temperature rupture properties of Ni based superalloys could be improved by controlling 
γ' phase through proper heat treatment condition. 
However, post process is regarded as time consuming problem for cast alloy. Therefore, 
another solution is necessary. 
1.2.2.2 Alloy development by controlling the alloying elements 
The other way to develop the alloy system can be considered with controlling the 
alloying elements. In IN-713C alloy, many alloying elements are added to act as solid 
solution hardening, precipitation hardening, grain boundary hardening and other 
beneficial effect at high temperature. By considering with cost effect for alloying element, 
micro-alloying element addition in IN-713C alloy can be reasonable to develop the alloy 
system. In IN-713C, micro-alloying elements are mainly used with Zr (100 ppm), C 
(50~150 ppm) and B (10ppm) as ppm order. However, it should avoid the composition 
change of Zr, C and B because of their optimum contents in IN-713C alloy system, 
compositional changes are not desirable owing to segregation possibility. Based on the 
periodic table, rare earth elements (reactive elements) can be one of candidates for MAE 





1.3 Rare earth element as micro alloying element 
1.3.1 Fundamental properties 
Rare earth elements are a group of 17 chemical elements including yttrium (Y), cerium 
(Ce), lanthanum (La) and so on [26]. These elements have been used in various 
application fields such as catalysts, structural alloys, ceramics, and glass polishing 
materials. Furthermore, their production amounts in world are gradually increasing, 
especially in China and USA [27]. It can be said that research field using with rare earth 
element will be more extensive in future. 
1.3.2 Previous studies of rare earth elements addition in Ni based superalloys 
Generally, effect of rare earth element addition on alloy properties has been introduced 
with Ce, La and Y. Mainly, they effectively improved the high temperature oxidation 
resistance, rupture strength and microstructure stability. Most important thing was 
optimum contents in each alloy have been obtained within few ppm orders.  
1.3.2.1 Lanthanum (La) and Cerium (Ce) 
For La and Ce, some of studies have reported for improvement of high temperature 
oxidation resistance and high temperature rupture strength (Fig.1.11). F. Cosandey et al. 
[28] introduced the effect of Ce on high temperature rupture strength at 649oC under 
637.8MPa. Small amount of Ce addition in Ni based superalloy improved slightly the 
high temperature rupture strength, but its error range is relatively larger which means 
small amount of Ce addition is very sensitive and difficult to control. K.D. Xu et al. [29], 
introduced that La addition in Ni based superalloy improved greatly the high temperature 
rupture life as well. Furthermore, Ce and La addition improved the high temperature 
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oxidation resistance by La2O3 oxide and Ce oxide along grain boundary in Ni based 
superalloy [28, 30].    
In addition, some of researches indicated about microstructure modification by La and 
Ce addition (Fig.1.12) [31]. Firstly, dendrite arm spacing not obviously changed, but 
interdendritic segregation was stronger in La and Ce added alloy than conventional alloy 
with formation of eutectic, laves, σ and intermetallic compounds. Secondly, 
morphological change of γ' phase has been observed by dendritic segregation. However, 
mechanism of microstructure evolution using with La and Ce has not been clearly studied 
until now. 
1.3.2.2 Yttrium (Y) 
For Yttrium, Yttrium oxide (Y2O3) has been well known to improve the high temperature 
oxidation resistance because of its stable Gibbs free energy, thereby reducing the 
oxidation rate [4]. However, when Yttrium is added in molten metal as pure metal, 
Yttrium has showed different behavior with oxide shape in Ni based superalloys. Some 
of previous studies for Yttrium addition in Ni based superalloys have been investigated 
(Fig.1.13). Several microstructure changes are shown with 1) no decrease of dendrite arm 
spacing [32], 2) refinement of MC carbide [32-34], 3) intermetallic compound formation 
along grain boundary [35-37], and 4) large amounts of eutectic phases [32]. Also, small 
amount of Yttrium addition greatly improved the high temperature creep rupture strength 
in polycrystalline cast Ni based superalloy [32]. When Yttrium is added in small amount, 
it is partitioned into MC carbide, thereby morphological evolution of MC carbide to 
discrete shape by elastic energy between MC carbide and matrix. But, it is seemed to be 
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easily segregated along grain boundary when its addition amount is excess in alloy system. 
In other words, controlling the addition amount is very sensitive to optimize the 
microstructure and mechanical property because high temperature rupture life suddenly 
dropped in 0.001wt% of addition amount difference which is mainly affected by grain 
boundary segregation of Yttrium intermetallic compound. However, detailed mechanisms 
for relationship between high temperature mechanical properties and microstructure 
evolutions have not been proved yet. In addition, in aspect of high temperature tensile 
strength, very weak reproducibility has been introduced for Ni based superalloy.  
Therefore, the studies to clarify the effects of rare earth elements addition on 
microstructure evolution and high temperature performances should be progressive for 
Ni based superalloys. 
 
1.4 Application of rare earth element addition in IN-713C alloy 
For IN-713C alloy, no previous researches have been progressed to improve the high 
temperature performances by rare earth element, in spite of conventional cast alloy (based 
on the survey on Google scholar). Therefore, it is necessary to investigate the effect of 
rare earth element addition in IN-713C alloy.  
Effect of rare earth element addition in IN-713C alloy will be progressed with Yttrium 
addition, which is regarded as more conventional element than other rare earth elements 
in Ni based superalloys. 
In order to clarify the objective and research design of study, comparison of relationship 
between necessary property in IN-713C and expectation from Yttrium addition is 
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introduced in Fig.1.14. Based on literature review for Yttrium addition in IN-713C alloy, 
because Yttrium has showed the improvement of high temperature properties by grain 
boundary strengthening, it is predicted to develop the IN-713C alloy system with high 
temperature elongation and rupture life, microstructure stability by refinement of 
precipitate along grain boundary and scavenging effects. 
 
1.5 Objective and research design of study 
Therefore, objective of this study is finding the relationship between high temperature 
mechanical properties and microstructure as well as their metallurgical behavior by 
microalloying Yttrium addition.  
Fig.1.15 shows the research concept design for overall chapter which will be 
introduced in this dissertation. In my doctoral thesis, research contents will be introduced 
following below. 
1) high temperature mechanical property and microstructure in as-cast IN-713C alloy will 
be introduced. In this chapter, optimum composition of Yttrium addition will be 
introduced. 
2) In order to solve reasons for the relationship between mechanical property and 
microstructure, solidification behavior evolution with Yttrium addition will be 
introduced. Finally, their metallurgical mechanism will be suggested. 
3) In order to reduce the detrimental effect in excess Yttrium addition, heat treatment 
effect on microstructure evolution will be introduced with solution treated and aging 
treated IN-713C alloy with and without Yttrium addition. 
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4) Finally, Yttrium addition effect in IN-713C alloy will be introduced in way to reduce 
the segregation and control precisely the solidification behavior. Electron beam melting 
(EBM) technique is used to fabricate the IN-713C alloy. Consequently, the relationship 









































Fig.1.4. Ordered γ’ particles being sheared by pairs of dislocations (a) weak pair-coupling 





















































Fig.1.9. Turbocharger systems (a) Turbocharger location in automotive, (b) inside, (c) 





































Fig.1.11. Effect of Ce and La addition on high temperature rupture lives (a), (c) and high 






















Fig.1.13. Effect of Y on high temperature rupture life (a), tensile strength (b), 









Fig.1.14. Comparison of relationship between necessary property in IN-713C and 
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Evolution of high temperature tensile properties 




Inconel 713C (IN-713C) alloy is being applied for the material of turbine wheel in 
automotive turbocharger part [1]. In general, turbine section components including 
turbine wheel are exposed to the tensile stress component by constant rotation during in 
service, thus it is necessary to satisfy some characteristics at high temperature (i.e. an 
ability to endure the load and resistance for metallurgical degradation in long time 
service) [2]. The former can be estimated with tensile test and the letter can be estimated 
with stress rupture test at target temperature. Factors affecting tensile and stress rupture 
properties have been introduced by many previous reports such as temperature 
dependence, precipitate morphology, grain size and its orientation [3-6].  
Yttrium element is well known to improve the high temperature mechanical properties 
and oxidation resistances in various types of heat resistant alloys [7-16]. The studies 
conducted by Zhou’s group have examined and discussed the effect of extremely small 
amount of Yttrium on high temperature rupture life as well as high temperature tensile 
strength in polycrystalline casting Ni based superalloys [17-19]. Yttrium has considerably 
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improved the high temperature rupture lives by morphological changes of MC carbides 
along grain boundary where M is metal, and C is carbon. However, excess Yttrium 
addition will give rise to large segregation to form detrimental phase such as intermetallic 
compounds along grain boundary, thus drop the rupture lives. By now, the effect of 
Yttrium addition for high temperature tensile strength and elongation, even though stress 
component was same as uniaxial tensile, has not been studied. For this reason, this study 
focused on clarifying the effect of Yttrium addition on high temperature mechanical 
properties and its relationship with microstructure in IN-713C alloy.  
 
2.2 Experimental procedure 
2.2.1 Alloy preparation 
2.2.1.1 Specimen fabrication - Casting 
  IN-713C test bars, 12mm in diameter, were casted by vacuum induction melting (VIM) 
with alumina (Al2O3) crucible. In this work, a conventional Investment casting procedure 
was used to fabricate ceramic shell. Its procedure is shown in Fig.2.1. In coating process, 
primary coating on ceramic shell was used with colloidal zirconia binder, zirconia flour 
and zirconia sand. For back up coating, colloidal silica binder, chamotte sand and 
chamotte flour were used. The mold was dewaxed and fired at around 1050oC for 1hour 
respectively to introduce a sufficient strength for subsequent handling. Vacuum pump was 
switched off before pouring. And the entire system was filled with high-purity argon and 
the melt was poured into a previously preheated ceramic mold at 1150oC for 2hour. 
Yttrium ingot (Yttrium ingot 99.9%, Alfa Aesar Co. Ltd.) was added into the molten metal 
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before casting, and ingot shape is shown in Fig.2.2. Pouring temperature was 1380 ± 50oC 
and vacuum condition was under 5.0 x 10-3 torr. Fig.2.3 shows the 50kg ingot after casting. 
After casting, IN-713C ingots without and with were followed post casting treatment such 
as cutting, sanding and finishing.  
2.2.1.2 Chemical composition analysis 
 Chemical composition in IN-713C alloy was analyzed by Inductively coupled plasma 
(ICP-OES) listed in Table 2.1.  
2.2.2 High temperature mechanical tests 
In this study, testing temperature and conditions are based on international specification 
SAE AMS5391 and DIN WL2.4671 for IN-713C alloy to predict the applicability of 
Yttrium addition as shown in Table 2.2. Specimen sizes for tensile test and stress rupture 
test are shown in Fig.2.4, respectively. 
The high temperature tensile specimens were with the plate shape of specimen, and 
gauge part has rectangular shape with 11mm in length, 2mm in width and 1.5mm in 
thickness. Tensile tests were conducted at 650oC with a strain rate of 1.5 x 10-4 s-1 on an 
Instron 8562 testing machine (Fig.2.5).  
The high temperature stress rupture specimens were with the rod specimen, and gauge 
part has cylindrical shape with 6mm in diameter and 30mm in length. Stress rupture tests 
were conducted at 980oC under 152MPa on a ATS 2300 testing machine in RIST 
(Research Institute of Industrial Science & Technology, South Korea). Each testing 
conditions are listed in Table 2.3. 
2.2.3 Microstructure observation 
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Specimens for microstructure observations were cut by wire cutting with electrical 
discharge machine (EDM) and subsequently polished with SiC emery paper up to 2000 
grade and then polished with Al2O3 and SiO2 diamond paste using an automatic precision 
polishing machine. Chemical etching to observe the microstructure was conducted in a 
solution of HCl, CuSO4 and distilled water, respectively. 
Microstructures of IN-713C alloy without and with Yttrium addition were observed by 
optical microscopy (OM), field emission scanning electron microscopy (FE-SEM), 
electron backscatter diffraction (EBSD), scanning transmission electron microscopy 
(STEM) to investigate the solidification structure and morphological changes of MC 
carbides, γ/γ' eutectics and γ' precipitates. Also, electron probe micro analyzer (EPMA) 
was used to characterize the chemical compositions of specific phases. After high 
temperature tensile test and stress rupture test, microstructure observations were 
conducted again to characterize and predict the factors affecting high temperature 
mechanical properties such as precipitates and fracture surface morphologies with OM, 
EBSD and FE-SEM, respectively.  
 
2.3 Results 
2.3.1 Macrostructure and microstructure of as-cast IN-713C without and with Yttrium 
addition. 
Fig 2.6 shows the solidification structure in as-cast IN-713C alloy without and with 
Yttrium addition. Figs.2.6(a) and (b) shows the cast mold and schematic of sample placed 
in the mold. Figs.2.6(c) to (e) show the cross sectioned solidification structure in half of 
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mold. Fig.2.6(f) shows the average grain sizes for columnar and equiaxed grains without 
and with Yttrium addition, respectively. The sample position where solidification begins, 
consists of columnar grains in mold wall and equiaxed grains in center of mold, 
respectively. With increasing Yttrium addition contents, fractions of equiaxed grains in 
the center of mold increased more than in conventional IN-713C alloy. Grain sizes of 
columnar grains decreased with the Yttrium addition, but for equiaxed grains in 0.05%Y 
alloy those increased, and then slightly refined in 0.09Y alloy. It indicates that a small 
amount of Yttrium addition does not affect the grain size, but large amount Yttrium 
addition leads to grain refinement. Similar results for effect of Yttrium addition on grain 
size have been reported in Fe-based superalloy [9]. Therefore, Yttrium addition can 
promote the equiaxed grain formation, while it does not directly affect grain size in as-
cast IN-713C alloy. 
From Fig.2.7 to Fig.2.14 show the microstructure observation results in as-cast IN-
713C alloy without and with Yttrium addition.  
Fig.2.7 shows the dendrite morphologies of as-cast IN-713C alloy without and with 
Yttrium addition. As a result, secondary dendrite arm spacing sizes were not considerably 
changed by Yttrium addition as in a range of 100 to 150um, respectively. Previous results 
have also introduced that Yttrium not changed the dendrite arm spacing in as-cast Ni 
based superalloy [19].  
Fig.2.8 shows the composition of MC carbide without and with Yttrium addition. MC 
carbide morphology is generally depended on solidification parameter [20, 21] and 
alloying elements such as Hf and Zr [22]. Thus, compositional changes of MC carbides 
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were not observed in this study. 
Fig.2.9 shows the morphologies of γ’ precipitates in as-cast IN-713C alloy. Fig.2.9 (d) 
shows the size distribution of γ’ precipitate calculated with 300 numbers of γ’ precipitate. 
As results, Yttrium does not strongly affect to size and fractions of γ’ precipitate. 
Fig.2.10 shows the microstructure observation results magnified for inter-dendritic 
region. Distinct microstructure change along inter-dendrite region could be observed in 
γ/γ' eutectic colonies. According to Yttrium addition, the size and fraction of γ/γ' eutectic 
colonies increased, especially γ' phase in γ/γ' eutectic colony was coarser in Yttrium added 
alloy than in conventional 0Y alloy. Their sizes and fractions are shown in Fig.2.11. In Ni 
based superalloy, the γ/γ' eutectic colony is formed at last stage of solidification by 
elemental segregations of γ and γ' forming element and by depending on solidification 
parameter [23, 24]. Since Ni based superalloys are a multicomponent alloy system with 
large amounts of refractory elements, it is quite difficult to avoid the formation of γ/γ' 
eutectic colony in conventional casting process [23, 24].  
EPMA mapping results indicated that this γ/γ' eutectic colonies consisted of mainly 
Aluminum (Al) element which is γ' forming elements in IN-713C alloy as shown in 
Fig.2.12. It can be predicted that since Al is γ' forming elements and morphologically 
coarser γ' phase in γ/γ' eutectic colonies in Yttrium added alloy, Yttrium might change the 
elemental segregation of Al during solidification. In addition, the existence of Yttrium 
element was shown to be segregated along inter-dendrite region, especially around γ/γ' 
eutectic colonies.  
Fig.2.13 and Fig.2.14 shows the STEM mapping results for Yttrium segregation in 
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dendrite core and in inter-dendrite region. Elemental distribution was clearly 
characterized by strong tendency of Cr and Mo in γ matrix, while Al and Ti in γ' 
precipitate as shown in Fig.2.13, respectively. However, Yttrium distribution showed 
strong segregation tendency toward inter-dendrite region rather than γ matrix or γ' 
precipitate as shown in Fig.2.14. Furthermore, Yttrium coexisted mainly with Ni in matrix 
and Zr around γ/γ' eutectic colonies. This result can imply that because Yttrium and Zr 
have extremely low solubility in γ matrix as well as γ’ phase, those elements may tend to 
segregate along inter-dendrite region during solidification and might form the 
intermetallic compound with Ni from γ matrix at last stage of solidification. Therefore, 
Yttrium could be observed around γ/γ' eutectic colony. The chemical compositions of 
intermetallic compounds were listed in Table 2.4. 
2.3.2 High temperature mechanical properties of as-cast IN-713C without and with 
Yttrium addition. 
2.3.2.1 High temperature tensile strength and elongation 
Fig.2.15 shows the high temperature tensile results without and with Yttrium addition 
conducted at 650oC. Also, DIN WL2.4671 specification values for high temperature 
tensile strength and elongation are indicated in each graph. As a result, all of as-cast IN-
713C alloy satisfied the specification values and a small amount of Yttrium addition 
substantially affected to both high temperature tensile strength and elongation, 
respectively. Ultimate tensile strength showed steady improvement from 892 ± 21MPa in 
0Y to 1006 ± 11.3MPa in 0.05Y and 972.6 ± 70.6MPa in 0.09Y. Especially, elongation 
increased considerably in 0.05Y added alloy (21±3.9%) compared with conventional IN-
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713C alloy (13±3.6%). Therefore, 0.05Yttrium addition in IN-713C alloy showed the 
optimum tensile properties at 650oC. 
2.3.2.2 High temperature stress rupture life 
Fig.2.16 and Table 2.5 show the high temperature stress rupture test results without and 
with yttrium addition conducted at 980oC under 152MPa. Fig.2.16(a) shows the average 
values and Fig.2.16(b) shows the creep curves depending on Yttrium addition. Also, AMS 
5391 specification values for high temperature stress rupture life are indicated in each 
graph. As results, 0Y and 0.05Y alloy showed to satisfy the specification values, but error 
range for rupture life decreased by 0.05Y (51±0.41h) compared to 0Y (48±5.57h) which 
means reproducibility increased by 0.05Y in IN-713C alloy. However, 0.09Y alloy 
showed early rupture properties (26.7±12.7h) in IN-713C alloy. Therefore, 0.05Yttrium 
addition in IN-713C alloy showed the optimum stress rupture properties at 980oC under 
152MPa. 
Consequently, 0.05Yttrium addition showed the optimum high temperature mechanical 
properties in as-cast IN-713C alloy. 
 
2.4 Discussions  
2.4.1 Factors affecting high temperature tensile properties in as-cast IN-713C alloy by 
Yttrium addition 
2.4.1.1 Effect of γ' precipitate on high temperature tensile strength 
In Ni based superalloy, high temperature tensile strength can be generally controlled 
by various microstructure parameters such as morphological characteristics, fractions and 
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sizes of γ' precipitate which is main strengthening phase [3-5]. Figs.2.17 (a) to (c) show 
the γ' precipitates observed in gage length after tensile test without and with Yttrium 
addition. The fraction of γ' phase which is shown with single cubic shape, gradually 
increased with increasing Yttrium addition contents, while size of γ' phase not strongly 
changed with Yttrium addition.    
During deformation, shearing of γ' phase is progressive with cutting or bowing of 
dislocation [3]. When the size of γ' phase is enough to be cut by traveling dislocation and 
their sizes are similar, the flow stress can be governed by interparticle spacing between 




                                                           (1) 
where τ is the shear stress, F is the obstacle strength, b is the Burgers vector, L is the 




𝑑𝑠                                                          (2) 
where f is the volume fraction, and ds is the mean planar diameter. 
Thus, larger fraction of γ' phase makes smaller interparticle spacing, thereby increasing 
of flow stress during deformation.  
Furthermore, Table 2.5 to Table 2.6 show the effect of Yttrium addition on elemental 
partitioning behaviors and misfit calculation results based on equilibrium state. Although 
Yttrium showed weak partitioning in γ and γ' phase, it changed linearly the partitioning 
behavior of major elements such as Ni, Cr, Mo, Al and Ti. Also, misfit between γ and γ' 
changed from -0.222% in 0Y to -0227% in 0.06Y. It is predicted that high temperature 
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strength can be improved by increased misfit dislocation density in γ channel by work 
hardening effect. However, their differences are extremely small that cannot be 
reasonable factor to improve the strength. 
 Therefore, the fraction increase of γ' phase by Yttrium addition might dominantly affect 
high temperature tensile strength in as-cast IN-713C alloy. 
2.4.1.2 Effect of solidification structure on tensile elongation and fracture surface 
Figs.2.18 shows grain structures and inverse pole figures for the surface of gage length 
area after high temperature tensile test. In these figures, loading direction (LD) and 
transverse direction (TD) are corresponding with stress axis and horizontal direction for 
stress axis, respectively. Conventional IN-713C alloy showed relatively strong tendency 
for grain orientation of {100} // TD due to columnar grains. However, those tendencies 
of orientation relationships were not strongly observed in Yttrium added alloy owing to 
polycrystalline equiaxed grains. Fig.2.19 shows direct relationship between grain 
orientation and fracture surface. Figs.2.19 (a) to (c) show the shape of fractured specimen 
at vertical to loading direction. Conventional IN-713C alloy showed corrugated fracture 
surface and its propagation was shown to be along dendrite structure as shown in 
Figs.2.19 (d) and (g). In this alloy, crack seemed to initiate at surface of gage length and 
easily propagate along columnar grain direction during deformation. But in the case of 
0.05%Y alloy, flat fracture surface along maximum shear direction was observed as in 
Figs.2.19 (e) and (h). Several fracture modes in Ni based superalloy have been introduced 
in previous researches [26-28]. In general, high temperature elongation is governed by 
some factors such as grain boundary embrittlement, deformation behavior and other 
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precipitates. During plastic deformation, cleavage fracture easily tends to propagate on 
{100} plane of FCC γ matrix which is weakest plane. The reason of low elongation 
observed in conventional IN-713C alloy might be due to transverse orientation of 
columnar grains. In 0.05Y added IN-713C alloy, the fracture occurred along maximum 
shear direction can be deduced that more severe plastic deformation might occur, thus 
better elongation could be obtained. It can be said that equiaxed grain is more endurable 
than transverse columnar grain structure under uniaxial tensile stress. Also, Jo et al. [6] 
has suggested that effect of grain orientation on high temperature mechanical properties 
under tensile stress. Therefore, the change of solidification structure by Yttrium addition 
would mainly affect to high temperature elongation. 
2.4.2 Factors affecting high temperature stress rupture life in as-cast IN-713C alloy by 
Yttrium addition 
In general, dominant factors affecting high temperature rupture life in Ni based 
superalloys are considered with fraction and morphology of γ' precipitate and grain 
morphologies.   
2.4.2.1 Effect of γ' precipitate on stress rupture life 
Fig.2.20 shows the morphological changes of γ' precipitate after rupture test without 
and with Yttrium addition. In most of specimens after test, highly elongated γ' phases 
were observed which is formed by directional coarsening during high temperature test, 
while partially not occurred in 0.09Y alloy in Figs.2.20 (e). In Ni based superalloy under 
constant load at high temperature, directional coarsening of γ' phase which is called as 
rafting, is considered to be occurred at high temperature around above of 900oC and this 
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can be controlled by component of applied stress (tensile or compressive), misfit energy 
between γ and γ' phase [3-5]. Larger misfit energy induced between γ and γ' phase can 
make easy to occur rafting phenomenon, while high temperature creep resistance can be 
enhanced by suppression of dislocation movement toward rafted γ' phase. Also, Y. Ro et 
al. [29] and T. Murakumo et al. [30] suggested that when the fraction of γ' phase is around 
60 ~ 70%, rupture life showed the optimum property by rafting at elevated temperature. 
Comparing without and with Yttrium addition, fraction of rafted γ' phase showed around 
46 ~ 56 area% shown in Fig.2.20 (g) which means rupture strength will increase in the 
range of as-cast IN-713C alloy. However, if the γ' phase was main factor to decrease the 
error range, creep rate should be changed during deformation. But, that seemed to be not 
factors. 
2.4.2.2 Effect of solidification structure on stress rupture life and fracture surface 
  Fig.2.21 shows the solidification structures after high temperature stress rupture test. 
All of specimens showed the equiaxed grain morphologies, while their grain sizes are 
different. The 0.05Y added alloy showed large sizes and looks like similar as 426.4 ± 
17.15um, but those were different in 0Y (400.3 ± 32.8um) and 0.09Y (325.3 ± 11.8um) 
alloy. Effect of grain morphology on high temperature creep rupture life has been reported 
previously by Jo et al [6]. Grain morphology plays crucial role to control the high 
temperature creep rupture life because high temperature creep progress along grain 
boundary by diffusion, so called as grain boundary diffusion. Smaller and more grains 
showed short rupture life at elevated temperature under constant load due to high 
diffusion rate from large grain fraction. Thus, it can be predicted that, because Yttrium 
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does not directly affect grain size of equiaxed grain in as-cast IN-713C alloy, stress 
rupture lives might be more stable with similar grain morphology than other alloys.      
Fig.2.22 shows the grain boundary fractures after high temperature creep rupture test 
without and with Yttrium addition. Dominant cleavage fractures along dendrite grain 
boundary were observed in all specimens. Therefore, it is suggested that 0.05Y added 
alloy could have small error ranges of rupture lives compared with 0 and 0.09Y added 
alloy because of homogenous grain sizes. However, even though 0.09Y added alloy 
showed equiaxed grains which have similar grain sizes with 0Y alloy, rupture lives 
substantially decreased. Fig.2.23 shows the void coalescence on γ/γ' eutectic. As 
mentioned above microstructure observation results, Yttrium promoted the formation of 
γ/γ' eutectic along inter-dendrite region. This γ/γ' eutectic phases are generally considered 
to be detrimental at elevated temperature because these phases are unstable at high 
temperature. Therefore, cracks might be initiated through void formation at interface of 
γ/γ' eutectic and fracture would be fast in 0.09Y added alloy.   
 
2.5. Conclusions 
1. Effects of small amount of Yttrium addition on microstructure and high 
temperature mechanical properties in as-cast IN-713C alloy have been 
investigated. 
2. Yttrium addition in as-cast IN-713C alloy remarkably promoted the equiaxed 
grain formation in center of mold. 
3. High temperature tensile strength and elongation could be enhanced by small 
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amount of Yttrium addition. High temperature tensile properties might be 
improved by change of solidification structure and change of fraction of γ' phases. 
4. High temperature creep rupture life was improved by 0.05%Yttrium addition. 
Decreased error range of high temperature creep rupture life could be obtained 
by homogenous grain structures from as-cast condition. 
5. Consequently, 0.05mass%Yttrium addition in IN-713C alloy showed the 

























































Table 2.1. Chemical compositions analyzed by ICP (mass%). 
Alloy C Cr Mo Fe Ti Al Nb B Zr Y Ni 
0Y 0.16 12.49 4.67 0.08 0.86 6.15 2.4 0.01 0.15 N/A Bal. 
0.05Y 0.17 12.44 4.73 0.08 0.86 6.11 2.17 0.02 0.15 0.05 Bal. 
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Table 2.3. Conditions of high temperature tensile and stress rupture test. 
Conditions Tensile test 
Test temperature 650oC 
Heating rate 10oC/min 
Holding time 5~10min 
Strain rate 1.5*10-4s-1 
Vacuum Under 10-5 torr. 
Conditions Stress rupture test 

















Fig.2.6. Solidification structure with and without Yttrium addition; (a) casting mold, (b) 
schematic figure for sample set into the mold, (c)-(e) solidification structure of 0Y, 0.05Y, 




Fig.2.7. Dendrite morphologies without and with Yttrium addition in as-cast IN713C; (a) 









Fig.2.9. The γ' precipitate morphologies in columnar grains close to mold wall without 











Fig.2.10. Interdendritic phases in as-cast IN713C; (a) to (c) low magnification and (d) to 





















































Table 2.4. Chemical compositions of intermetallic compounds along inter-dendrite region 
analyzed by STEM. 
At. % Ni Zr Y Nb Mo Al Ti Cr Trace 
Y -rich 71.21 2.13 10.69 1.14 0.14 6.64 0.43 5.32 2.3 
Zr -rich 23.15 23.53 - 19.55 5.79 2.54 0.46 20.97 4.01 
Al -rich 79.51 - - 1.51 1.05 10 1.51 5.62 1.22 












Fig.2.15. High temperature tensile test results; (a) UTS and YS, (b) Elongation and (c) 









Fig.2.16. High temperature stress rupture test results; (a) rupture life vs Yttrium addition 


























Contents [wt.%] Rupture time [Hrs.] Strain [%] 




42.42 3.74 5.9*10-6 
53.55 5.68 6.7*10-6 
Ave. 47.985 4.71  
0.05Y-1 
0.05Y-2 
51.41 4.67 6.9*10-6 
50.59 5.52 6.8*10-6 
Ave. 51 5.095  
0.09Y-1 
0.09Y-2 
14.06 2.12 1.1*10-5 
39.36 3.41 7.8*10-6 




Fig.2.17. The γ' precipitates on surface of gage length after high temperature tensile test; 









Table 2.5 Elemental partitioning of major elements in equilibrium state 
At 650oC Ni Cr Mo Al Ti Nb Y 
k =  
Cγ / 
Cγ' 
0Y 0.3169 2.2582 2.8322 0.0618 0.0010 0.0164 - 
0.05Y 0.3169 2.2956 2.8986 0.0623 0.0010 0.0156 0.3804 
0.09Y 0.3173 2.3143 2.9268 0.0625 0.0010 0.0156 0.3811 





Table 2.6 Calculated lattice parameters and misfit of γ and γ'. 
At 650oC aγ (Å) aγ' (Å) δ (%) 
0Y 3.5419 3.5341 -0.222 
0.05Y 3.5420 3.5340 -0.226 






Fig.2.18. Solidification structures and inverse pole figures after high temperature tensile 







Fig.2.19. Fracture surfaces after tensile test; (a)-(c) fracture morphologies at vertical 
direction for LD, (d)-(f) observed in low magnifications and (g)-(i) observed in high 









 Fig.2.20. Rafted γ' precipitates after rupture test without and with Yttrium addition; (a) 

















Fig.2.22. Fracture surfaces after rupture test; (a) to (c) low magnifications, (d) to (f) high 











Fig.2.23. Void coalescence formation on γ/γ’ eutectic during high temperature creep 
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Inconel 713C (IN-713C) alloy is an early developed conventional cast superalloy 
among Ni based superalloy as shown in Fig.3.1 [1]. IN-713C alloy is being applied for 
high temperature turbine wheel in automotive engine parts due to superior high 
temperature stability such as microstructure and mechanical properties [2]. Solidification 
studies for IN-713C alloy has been early introduced in 1974 by A.K. Bhambri et al. [3] 
with microstructural relationships between cooling rate and microstructure such as 
dendrite, γ' morphology, MC carbide morphology and grain morphology in IN-713C alloy. 
Furthermore, columnar to equiaxed transition (CET) behavior in IN-713C alloy has been 
well reviewed by controlling the temperature gradient (G) and solidification rate (R) 
shown in Fig.3.2. However, because of multicomponent alloy system, some of 
detrimental phases along inter-dendrite region which have low melting point, caused high 
temperature failure during in service with IN-713C alloy. In 2005 and 2007, N.D’Souza 
et al. [4, 5] have concentrated on solidification behavior at last stage of solidification in 
IN-713LC alloy by enthalpy based method, and subsequently compared with 
thermodynamic simulations for predicting solidification path. However, detailed 
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solidification structure and its relationship with elemental distribution behavior have been 
not considered yet even though solidification structure is one of most important factor 
affecting high temperature mechanical properties in IN-713C alloy since this alloy is 
being applied in as-cast condition.  
As introduced in chapter 2, small amount of Yttrium addition changed the solidification 
structure in as-cast IN-713C alloy with promoted equiaxed dendrite formation. However, 
its effect on solidification behavior in polycrystalline Ni based superalloy including IN-
713C alloy has not been considered yet.  
Equiaxed grain formation during solidification can be expressed with CET behavior. 
As shown in Fig.3.2, CET line is depending on cooling rate, temperature gradient and 
growth rate, respectively. Therefore, this study is focused on effect of cooling rate and 
Yttrium addition on solidification structure and its relationship with solidification 
behaviors in conventional IN-713C alloy.  
 
3.2. Experimental procedure 
In order to differentiate the cooling rate in casting process of industrial scale, as-cast 
IN-713C alloy rod specimens were fabricated by three types of casting process, 
Investment casting with heat insulator, conventional Investment casting and Metal mold 
casting using with vacuum induction melting, respectively as shown in Fig.3.3. For 
Investment casting process, heat insulator was used to decrease cooling rate as much as 
possible which is indicated as “IN-713_L”, and “IN-713_M” alloy indicates fabricated 
by conventional Investment casting process without heat insulator. Metal mold casting 
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which is conventional gravity casting process, was conducted without preheating of mold, 
thereby cooling rate is anticipated for highest cooling rate, named “IN-713_H”. Each 
casting conditions were listed in Table 3.1. Also, Yttrium addition contents were listed in 
Table 3.2 with nominal and analyzed contents, respectively. Thus, nine kinds of IN-713C 
alloys were used in this study to investigate the effect of cooling rate and Yttrium addition 
on microstructure and solidification characteristics. 
Macro- and microstructure observations were conducted with samples located in 
lowest part of mold by using Electron backscattered diffraction (EBSD), Optical 
microscope (OM), Field emission scanning electron microscope (FE-SEM) and Electron 
probe micro analyzer (EPMA). Elemental segregation behavior and solid fraction change 
(fS) during solidification was calculated by Scheil’s simulation in Thermodynamic 
program (Thermo calc. program with ver. TCNI8.1 for Ni based superalloy). Also, 
isothermal heat treatment was conducted to compare the solid fraction change during 
solidification with simulation results at 1280, 1300, 1320, 1340, and 1350oC for 2hour 
subsequently water quenching as shown in Fig.3.4. 
 
3.3. Results 
3.3.1 Effect of cooling rate during casting on microstructure in as-cast IN-713C alloy 
Fig.3.5 shows the dendrite structure indicated with IN-713_L, M and H, respectively. 
Dendrite arm spacing sizes were compared with secondary dendrite arms. Calculated 
results of secondary dendrite arm spacing sizes showed remarkable decrease with 
increasing cooling rate. This result can indicate that dendrite arm spacing size is 
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substantially governed by cooling rate. The relationship between cooling rate and dendrite 
arm spacing size has been introduced following as [6], 
𝜆2=5.5√M𝑡𝑓
3                                                          (1) 
where λ2 is secondary dendrite arm spacing size, M is a constant related with 
compositional variants. And tf is solidification time which can be expressed following as, 
tf = ∆T/GR                                                           (2) 
where ΔT is temperature interval between liquidus and solidus, G is temperature gradient 
and R is solidification rate (also called as growth rate), respectively. 
From equation (1) and (2), relationship between cooling rate (GˑR) and secondary 
dendrite arm spacing can be represented following as,  
G ˑ R =
𝟏𝟔𝟔.𝟒(𝑴∆𝑻)
𝝀𝟐
𝟑                                                      (3) 
Using with equation (3), difference of cooling rate in three alloys (IN-713_L, M and 
H) can be roughly calculated that, cooling rate of IN-713_L alloy is slower by around 
20times than that of IN-713_H alloy.  
Fig.3.6 shows the morphological evolutions of γ/γ' eutectics along inter-dendrite region 
with different cooling rate. With increasing cooling rate, size of γ/γ' eutectic colony 
decreased, while its fraction increased. Furthermore, fraction of γ' phase in γ/γ' eutectic 
colony increased with decreasing cooling rate.  
Fig.3.7 shows the morphological evolutions of γ' precipitates with different cooling 
rate. As mentioned in chapter 1, γ' phase is precipitated from super saturated solid solution 
of γ matrix when temperature reaches to equilibrium solvus temperature during cooling. 
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As a result, cooling rate substantially changed the size, fraction and morphology of γ' 
precipitate. With increasing cooling rate, size decreased, and morphology was shown to 
be rounded shape, while cuboidal shapes were observed in lowest cooled alloy.  
3.3.2 Effect of Yttrium addition on solidification behavior in as-cast IN-713C alloy 
In order to investigate clearly the effect of Yttrium addition on solidification 
characteristics, IN-713_H alloy was studied deeply for reason that this casting process 
has relatively smaller environmental and casting variants than others with simple mold 
shape and small vacuum chamber. 
3.3.2.1 Change of solidification structures and dendrite by Yttrium addition 
Fig.3.8 shows the solidification structures in half of bottom part mold of as-cast IN-
713C alloy without and with Yttrium addition. As a result, the strong <001> textures are 
apparent in inverse pole figure (IPF) of all alloys because of preferential growth 
orientation for FCC crystal structure [6]. Interestingly, equiaxed grains are distinctly seen 
in 0.02 and 0.06Y alloys near the center of mold according to Yttrium addition. On the 
other hand, only columnar grains are developed in 0%Y alloy. Fig.3.9 demonstrates the 
dendrite structures in the all columnar grain region and the center of ingot. Dendritic 
growth is dominant in all alloys with a given casting condition from the mold wall to the 
center. However, equiaxed dendritic structures are formed in 0.02 and 0.06Y. From the 
microstructure, it can be concluded that Yttrium addition promotes the equiaxed dendrite 
grain in as-cast IN-713C. 
Fig.3.10 to Fig.3.13 shows the relationships between microstructure and elemental 
segregation in dendrite core and interdendritic regions. Firstly, Fig.3.10 demonstrates the 
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morphological changes of γ/γ' eutectic colonies without and with Yttrium addition in 
columnar grain region of bottom parts. The γ/γ' eutectic colonies in Ni based superalloys 
are formed by elemental segregation of γ and γ' forming elements along interdendritic 
region at last stage of solidification. Morphologically, these phases consist of fine network 
of γ/γ' (called as eutectic phase formed by L→ γ+γ') and γ and coarse γ' (called as 
peritectic phase formed by L+γ → γ') [7-11]. In this study, those phases are indicated as 
“eutectic colony” all together to avoid the confusion from other investigations. Many 
previous studies have presented that γ/γ' eutectic colonies are formed by elemental 
segregation of γ and γ' forming elements at the last stage of solidification [12-14]. 
Compared with 0Y alloy, adjoined coarse γ' phase in γ/γ' eutectic colonies were observed 
in Yttrium added alloy. Furthermore, Yttrium compounds were formed at interface of γ/γ' 
eutectic colonies with irregular shapes (composition of the compounds were measured by 
EDS but not shown in here). Fig.3.11 to Fig.3.13 depict the elemental mapping results for 
inter-dendrite regions without and with Yttrium addition. Figs.3.11 shows for γ-forming 
element (Ni, Cr and Mo), and γ'-forming element (Al, Ti and Nb) in Fig.3.12, other 
elements (Zr, C, B and Y) in Fig.3.13, respectively. In Fig.3.11, Ni does not strongly 
change with Yttrium addition, but Cr and Mo segregation near γ/γ' eutectic colonies 
increased. Also, Mo rich particles were observed which is believed to Boride. However, 
γ'-forming elements considerably segregated in γ/γ' eutectic colonies (Fig.3.12). The size 
and fraction of γ/γ' eutectic colonies obviously increased by Yttrium addition. Other 
segregation elements such as Zr, C and B were not effectively changed by Yttrium 
addition, but Yttrium segregation was observed around γ/γ' eutectic colonies. Therefore, 
95 
 
from qualitative mapping results, Yttrium promoted the segregation of Cr and Mo near 
γ/γ' eutectic colonies, and segregation of γ' forming elements in γ/γ' eutectic colonies, 
while MC carbides or Borides were not obviously changed. 
Quantitative analyses were conducted on the entire elemental distribution behavior in 
dendrite core and interdendritic region (Fig.3.14), γ/γ' eutectic colony and Cr-rich region 
(Fig.3.15), to understand segregation behavior more clearly. In Fig.3.14 and 3.15, the 
summations of compositional concentration of γ-forming elements (Ni, Cr and Mo), and 
γ'-forming elements (Al, Ti and Nb) in columnar (periphery) and equiaxed (center) 
regions are compared. When Yttrium addition is increased, compositions of γ'-forming 
elements are gradually decreased in dendrite core (Fig.3.14 (a)). Consequently, they are 
increased in interdendritic region (Fig.3.14 (b)). On the contrary, compositions of γ-
forming elements are increased in dendrite core (Fig.3.14 (c)), while they are decreased 
in interdendritic region (Fig.3.14 (d)). In γ/γ' eutectic colony, γ'-forming elements showed 
strong segregation (Fig.3.15 (a)), but compositional changes are not obvious in both 
columnar and equiaxed grains in Cr-rich region (Fig.3.15 (b)). From the quantitative 
analysis, it can be concluded that Yttrium increases the segregations of Al, Ti and Nb (γ'-
forming elements) along interdendritic region (γ/γ' eutectic colony) during solidification. 
Table 3.3 and Table 3.4 show the calculated values for elemental distribution in columnar 
(periphery) and equiaxed (center) regions. 
3.3.2.2 Solidification behavior and Yttrium segregation in as-cast IN-713C alloy 
 Fig.3.16 the equilibrium phase constituents calculated by Thermo-Calc. with the 
database for Ni alloy (Thermo-Calc. Ni ver. 8.1). Phase transformation under equilibrium 
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state in 0Y alloy can be inferred from the phase constituents: 1) γ transformation from 
liquid, 2) MC and M3B2 formation and the end of solidification, 3) finally, γ' and M23C6 
precipitation in the solid-state transformation (Fig.3.16 (a)). The calculated data is well 
matched with the previous solidification study [3, 15]. When Yttrium is added, liquidus, 
γ phase (Fig.3.16 (b)) and MC carbides (Fig.3.16(c)) tend to form at slightly lower 
temperature. In addition, the intermetallic compound of Yttrium (Ni5Y) forms at the end 
of liquid (Fig.3.16 (d)). In addition, liquidus-solidus temperature interval (∆TL↔S) is 
increased from 85.92 K (0Y) to 99.32 K (0.02Y), then slightly decreased to 98.96 K 
(0.06Y), respectively. The calculated phase formation temperatures are listed in Table 3.5.  
Fig.3.17 depicts the solid fraction (fS) predicted by Gulliver-Scheil model which 
consider realistic segregation behavior. Gulliver-Scheil model assumes that diffusion 
occurs in only liquid at solid/liquid interface at dendrite tip and applies a local equilibrium 
assumption at solid/liquid interface [6]. So, compositions from the phase diagram are 
valid, and solute redistribution during solidification can be described. In the model, the 
solute concentration is presented as 
𝐶𝑠 = 𝑘𝐶𝑜(1 − 𝑓𝑠)
𝑘𝑜−1                                                  (4) 
where Cs is the solute concentration in solid, CO is the initial composition in alloy, k is 
distribution coefficient (k=CS/CL), and fS is solid fraction (fS = 1 - fL). Solid fraction at 
eutectic starting point is decreased with Yttrium addition from 0.97 (0Y) to 0.96 (0.06Y) 
(Fig.3.17 (a)). Simultaneously, eutectic temperature is also decreased from 1282.44 oC 
(0Y) to 1272.23 oC (0.06Y), while peritectic temperature is decreased from 1188.82 oC 
(0Y) to 1197.29 oC (0.06Y). Compositionally, Al, Ti and Nb (γ'-forming elements) are 
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increased in residual liquid, but Ni, Cr and Mo (γ-forming elements) become to decrease 
during solidification by adding Yttrium (Figs.3.17 (b) and (c)), Furthermore, Yttrium 
tends to increase in residual liquid when Ni5Y compound begins to form, and then 
decreased until the end of solidification (Fig.3.17 (d)). 
In order to identify the Yttrium segregation, STEM elemental mapping was conducted 
on inter-dendrite region (Fig.3.18 introduced in Chapter 2). Yttrium segregation was 
clearly seen along interdendric region with several alloying elements which cannot 
diffuse into γ matrix until the final solidification. In directionally solidified CMSX-10 
alloy, this area has been identified as residual liquid region which mainly consisted of 
alloying elements having low solubility for matrix [16]. Therefore, Yttrium segregated 
regions can be regarded as residual liquid region, and Yttrium distribution is well matched 
with solidification simulation. 
In order to clarify the solid fraction change in IN-713C alloy, isothermal heat treatment 
was conducted at super solidus (1280oC) to super liquidus temperature (1350oC) (Fig.3.19 
and Fig.3.20). The samples were water quenched to prevent microstructure changes 
during cooling, and solid fraction was calculated with “S” marked in microstructure by 
the image analysis. Also, no dendritic structure was observed after isothermal heat 
treatment at above super solidus temperature (Fig.3.21). Consequently, Yttrium addition 
showed the lower solid fraction than 0Y alloy from 1350oC to 1280oC with good 






3.4.1 Effect of cooling rate on microstructure evolution in IN-713C alloy 
In this study, dominant effects of cooling rate on microstructures were shown with 1) 
dendrite arm spacing, 2) γ/γ' eutectic colony and 3) morphology of γ' phase.   
Effect of cooling rate and solidification rate on dendritic segregation has been 
extensively introduced in fundamental solidification text books [6,17,18]. In 
solidification structure, temperature gradient (G) and solidification rate (R) independently 
affect to its morphology from planar to equiaxed dendrite morphology, while cooling rate 
(G x R) affect to its arm spacing size as shown in Fig.3.22. Furthermore, previous 
researches have introduced about effect of cooling rate and solidification rate on 
microstructure evolution in directionally solidified and single crystal Ni based superalloy. 
Also, as introduced in several solidification text books, dendrite arm spacing is considered 
with function of cooling rate. As shown in Fig.3.5, with decreasing cooling rate, dendrite 
arm spacing size increased, and elemental segregation decreased. Previous research 
introduced that the reason to decrease the elemental segregation in dendrite core and inter-
dendrite region might be due to occurrence of back diffusion of solid phase after 
solidification [14]. During solidification, the diffusion distance at solid/liquid interface is 
extent of half of dendrite arm spacing [6]. Therefore, back diffusion is possible to occur 
depending on diffusivity of each atoms in solid phase. The criterion for back diffusion 








                                                    (5) 
99 
 
where a is the constant representing the extent of back diffusion in solid, Ds is the 
diffusion coefficient of solute elements in solid, tf is the local solidification time, L is the 
diffusion path length, and ∆To is the solidification range [14]. Comparing with equation 
(2) and (3), lower cooling rate (G x R) give rise to increase the “a” which means, 
segregation difference between dendrite core and interdendritic region is reduced.       
Therefore, it can be said that elemental segregation can be relieved by decreasing 
cooling rate.  
3.4.2 Factors affecting change of columnar to equiaxed transition behavior by Yttrium 
addition. 
In unidirectional casting, fine equiaxed grain structure which is so-called chill grain 
zone, is firstly formed by heterogeneous nucleation on the mold wall after pouring. In Ni 
based superalloys, elemental segregations in dendritic structures are easy to occur by 
solute rejection from solidifying dendrites in the mushy zone because of multicomponent 
alloying elements. Thus, compositional gradient at solid/liquid interface makes the 
undercooling at solid/liquid interface by lowering temperature gradient as G < 0, where 
G is temperature gradient. Consequently, columnar dendrite is grown by the degree of 
undercooling which is called as constitutional undercooling effect. The criterion for 
constitutional undercooling effect can be written as  
𝐺/𝑅 < ∆𝑇/𝐷𝐿                                                       (6) 
where R is growth rate, ΔT is liquidus-solidus temperature interval, and DL is diffusivity 
of liquid at solid/liquid interface, respectively [6,17,18]. From the columnar dendrite 
growth, Hunt in 1984 [19] suggested the condition for fully equiaxed dendrite formation 
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following as,  
𝐺 < 0.617(𝑁0)
1/3{1 − (∆𝑇𝑁/∆𝑇𝑐)
3}∆𝑇𝑐                                                      (7) 
where N0 is the number of nucleation sites for equiaxed grain, and ΔTN is the degree of 
undercooling for equiaxed nucleation, and ΔTc is the degree of constitutional 
undercooling at dendrite tip. Thus, a larger number of nucleation sites for equiaxed grain 
and increasing degree of constitutional undercooling at dendrite tip can accelerate the 
CET behavior. In industrial casting processes, the dominant factor which enhances the 
nucleation density of equiaxed grain have been considered as dendrite fragmentation by 
natural convection flow in Al-Cu alloy [20], Sn-Bi [21]. Si alloy [22], and succinonitrile-
camphor alloy [23] through solute rejection during solidification. Also, electromagnetic 
stirring during casting in Sn-Pb [24], Al-Si [25], Al-Cu, Pb-Sn, Zn-Cu [26], carbon steels 
[27] and superalloys [28] promotes the nucleation. Another factor can be heterogeneous 
nucleation with secondary particles such as inoculants in superalloys [29,30]. Hereafter, 
we will discuss what is the most dominant factor affecting the equiaxed grain nucleation 
in Yttrium added IN-713C alloys. 
A. Possibility of heterogeneous nucleation for equiaxed grain by oxide formation 
In heat resistant alloys, Yttrium has been well known as a reactive element with oxygen 
at high temperature because of stable Gibbs free energy for Yttrium-oxide (such as Y2O3) 
according to Ellingham diagram [17]. Therefore, when the formation of Yttrium-oxide 
can be ruled out from the possible factors for the equiaxed grain formation in the Yttrium 
added IN-713C alloys, equiaxed grain formation will be promoted by heterogeneous 
nucleation from the oxides. However, as shown in Fig.3.23 and Fig.3.24, Yttrium was not 
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detected with oxygen along interdendritic of equiaxed grain region. The added small 
amount of Yttrium did not react with oxygen to form oxides during solidification in this 
study. Furthermore, Yttrium was distributed around γ/γ' eutectic colonies as intermetallic 
compounds with the elements having low solubility in γ matrix, and the compounds had 
been lastly solidified. Thus, Yttrium segregates along inter-dendrite region as 
intermetallic compounds rather than reacting with oxygen during solidification. However, 
as shown in Fig.3.18, Cr and oxygen coexisted in Yttrium compound. Fig.3.25 shows 
clearly the quantitative results for Cr oxide. If Cr oxide played a role to improve the 
equiaxed grain formation in center of ingot, it can be said that Cr oxide should exist only 
in center of ingot. Fig.3.26 shows the EPMA mapping results in columnar grain region of 
0.06Y added IN-713C alloy. Cr and oxygen coexisted in Yttrium compound, which means, 
it is limited to predict that equiaxed grain is nucleated by oxide particles in liquid. 
B. Heterogeneous nucleation for equiaxed grain by dendrite fragmentation 
Although there has been a debate about the mechanism behind dendrite fragmentation 
[18, 31], the fragmented columnar dendrite branches can be regarded as a source of 
effective nuclei for equiaxed grain. Classical dendrite fragmentation mechanism can be 
simply explained as below. Firstly, liquid density in the deep mushy zone becomes 
inhomogeneous when the elemental rejection occurs at steady state growth stage. 
Secondly, the roots or nodes of secondary dendrite arms become necked because of the 
excess solute rejection from both primary and secondary arms. Finally, the fragmentation 
starts when the local solute concentration rises so that the arms locally melted off at the 
necked roots (Fig.3.27). In other words, stronger elemental segregation toward residual 
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liquid can lead to large possibility of dendrite fragmentation. Moreover, A. Hellawell et 
al. [31] strongly emphasized that if the inoculants are not added in molten metal before 
casting, dendrite fragmentation should be the most influential factor for equiaxed grain 
formation. 
Several experimental results can support for clues about whether dendrite 
fragmentation is occurred by elemental segregation in Yttrium added IN-713C alloy or 
not. The compositions of γ'-forming elements are decreased in dendrite core by Yttrium 
addition, and higher compositions of them are measured in interdendritic region (Fig. 
3.14 (a) and (c)). The reason for strong segregation along interdendritic region is closely 
related with segregation of residual liquid during solidification. Therefore, the solute 
concentration at the roots or nodes of secondary dendrite arms is higher in Yttrium added 
alloys than in 0Y alloy. Thus, it is predicted that dendrite fragmentation in Yttrium added 
IN-713C alloy might be occurred by solute enrichment of γ'-forming element around 
dendrite arm at last stage of solidification. Fig.3.28 shows the schematic of dendrite 
fragmentation process predicted in this study. After dendrite fragmentation, Al rich region 
might progress the eutectic and peritectic reaction with cooling. 
In addition, Seo et al. [14] suggested that eutectic reaction can be changed to peritectic 
reaction with a few atomic percent of Al. Also, fraction of γ' phase can increase within 
eutectic phase which is called as peritectic γ' phase or coarse γ' phase. Yttrium changes 
microstructure in γ/γ' eutectic with a high-volume percent of coarse γ' (Fig.3.10 and 
Fig.3.12). Not only that, Yttrium compounds have been always found at interface of 
eutectics, especially near coarse γ' phase. In other words, to be more exact, peritectic 
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reaction of γ' phase actively occurs due to segregations of γ'-forming elements in residual 
liquid when we add Yttrium in IN-713C. Thus, peritectic + eutectic reactions occur at a 
relatively lower solid fraction in Yttrium added alloy than 0Y alloy. Afterwards, Yttrium 
segregates at the interface of γ' peritectic phase as a new peritectic phase. Consequently, 
solidification in 0.02 and 0.06Y alloys finishes after the formation of Yttrium compounds.        
Fig.3.29 shows the schematic of microstructure evolution for eutectic without and with 
Yttrium addition. This schematic figure is not considered for evolution during initial stage 
of solidification because no obvious difference was observed. After γ nucleation, it grows 
with increase of solid fraction. At the beginning of last stage of solidification (fS >0.95), 
the Ni5Y phase is formed in liquid phase, but because this phase is not soluble for matrix, 
it may be positioned around interdendritic region. After that, primary γ’ phase is nucleated 
in Yttrium added alloy at first due to higher Al contents which is γ' forming element. The 
growth of γ and γ' phase is competitively progressed. For 0Y alloy, primary γ' phase is 
formed at solid fraction of 0.984 which is little later than Yttrium added alloy. 
Consequently, at the end of solidification, Yttrium added alloy showed coarse γ' phase 
and Yttrium compound which is mixed with other segregation elements such as O, Cr and 
Zr and so on as surrounded of coarse γ' phase. Fig.3.30 shows the schematic of 
relationship between Yttrium addition and coarse γ' phase based on Lever rule in Ni-Al 
binary system. From Thermo calc. simulation, solidus of γ matrix decreased around 70K 
by 0.06Y addition in Ni-Al. Thus, temperature for steady state growth stage is 
substantially dropped down in two phase regions of (γ + γ'). According to Lever rule, 
fraction of γ' phase is much larger for γ' phase than that of γ matrix, consequently, coarse 
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γ' phase could be observed in as-cast microstructure. Also, their fraction is larger in 
Yttrium added alloy by depressed solidus line, coarse γ' phase could be obviously 
observed in Yttrium added alloy.  
The effect of peritectic reaction on dendrite fragmentation rate has been recently 
introduced in TiAl alloy [32]. The dendrite fragmentation rate of β-Ti increased by 
promoted peritectic reaction of α-Ti because the peritectic reaction played a role to 
increase the local melting around secondary dendrite arm. Therefore, it can be speculated 
that the dendrite fragmentation is accelerated by the local melting caused by the high local 
solute concentration in dendrite arms and the newly occurred peritectic reaction in 
Yttrium added IN-713C alloys.   
Fig.3.31 shows the schematic of relationship between fragmentation and eutectic 
microstructure formation with solid fraction change during dendritic growth with and 
without Yttrium addition. Summarized mechanism of entire solidification behavior is 
following below. Firstly, during solidification, dendritic structure is formed with increase 
of solid fraction. Secondly, dendrite fragmentation occurred in Yttrium added alloy owing 
to enrichment of residual liquid amount at γ–dendrite/Liquid interface. Thirdly, after 
fragmentation, eutectic reaction commences depending on solid fraction and composition 
in residual liquid (occurred at fS ≈ 0.984 in IN-713C and fS ≈ 0.979 in Y-added IN-713C).  
Finally, Yttrium added alloy showed large fraction of equiaxed grains and eutectics in as-
cast microstructure.  
The equiaxed dendrite grain formation by fragmentation process is considered as 
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desirable phenomenon in industrial casting process. Because it can reduce the anisotropic 
grain orientation in given casting mold and improve the high temperature strength [33]. 
From our finding, the effect of Yttrium micro addition on equiaxed grain formation can 
be a useful phenomenon to control the solidification structure in as-cast condition without 
any mechanical agitation during casting. 
 
3.5. Conclusions 
- Increasing cooling rate decreased size of γ' phase while it accelerated the inter-dendrite 
segregation such as γ/γ' eutectic colonies due to change of diffusivity during cooling. 
- Yttrium addition promoted the formation of equiaxed dendrite near the center of ingot 
by 0.02 and 0.06mass% additions. Also, peritectic phases were newly developed in 
Yttrium added alloys. 
- When Yttrium addition was added, solute segregation of γ' forming elements in 
interdendritic region and γ/γ' eutectic was enhanced. Simultaneously, Yttrium 
segregated along interdendritic region as intermetallic compounds without oxygen. 
- In the calculated thermodynamic data, liquidus-solidus temperature interval is increased 
by Yttrium, and Yttrium tends to remain in residual liquid during solidification. 
- Equiaxed dendrite formation in Yttrium added IN-713C alloys might be accelerated by 
the dendrite fragmentation through solute enrichment of γ'-forming elements around 
dendrite arm. Not only that, local melting caused by the high solute concentration in 
dendrite arms and the newly occurred peritectic reaction should act significant roles in 
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713_H Highest X X Cast iron ≈1400oC 
713_M Middle ≈1000oC X Al2O3 ≈1350
oC 



















































































Fig.3.8. Solidification structures in bottom without and with Yttrium addition; (a) 
schematic of mold, (b) to (d) EBSD IPF orientation maps showing the solidification 






Fig.3.9. Dendrite morphologies in bottom part of ingot from mold wall to near the 




























Fig.3.13. EPMA mapping in interdendritic regions showing for Zr, C and B in 0Y, and Y 




Fig. 3.14. Elemental distribution behaviors of dendrite core and interdendritic region in 
columnar and center of ingot; (a) and (b) γ'-forming elements in dendrite core and 




   
Fig.3.15 Elemental distribution behaviors of γ/γ' eutectic colonies and Cr-rich in 
columnar and center of ingot; (a) and (b) γ'-forming elements in γ/γ' eutectic and Cr-rich 






























Fig.3.16 Mole fractions of phases in equilibrium state of IN-713C alloy and Y-added IN-
713C alloys (0Y, 0.02Y and 0.06Y) as a function of temperature: (a) overview for 0Y, (b) 
magnified views for showing liquidus and γ formation temperatures, (c) for showing MC 








Table 3.5. Calculated temperature for phase transformation without and with Yttrium 
addition. 
oC 0Y 0.02Y 0.06Y 
L → γ (Liquidus) 1348.85 1348.59 1348.05 
MC 1321.81 1321.4 1320.66 
M3B2 1282.43 1278.4 1272.23 
Ni5Y - 1261.57 1271.42 
L = 0 (Solidus) 1262.93 1249.27 1249.09 
∆TL↔S 85.92 99.32 98.96 
γ' 1164.09 1164.04 1163.96 






Fig.3.17 Solid fraction change and elemental segregation behavior predicted by Scheil’s 
simulation in IN-713C alloy without and with Yttrium addition; (a) solid fraction change 
versus temperature, (b) and (c) Al and Cr concentration in residual liquid, and (d) Yttrium 














   


















Fig.3.21 Grain morphologies after isothermal heat treatment at 1280oC for 2h, 
subsequently water quenched alloys; (a) and (b) of 0, (c) and (d) of 0.05 and (e) and (f) 




   
Fig.3.22 Evolution of solidification structure by temperature gradient (G) and 



































Fig.3.27. Schematic of dendrite fragmentation; (a) local solute enrichment in phase 
diagram and (b) morphological evolution of dendrite fragment for nth dendrite arm by 







Fig.3.28. Schematic of dendrite fragmentation occurred in Yttrium added IN-713C alloy 
by γ'-forming elements (Al) enrichment around dendrite arm, and subsequently acting for 
















Fig.3.30. Schematic of relationship between Yttrium addition and coarse γ’ based on 












Fig.3.31. Schematic of relationship between fragmentation and eutectic microstructure 
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Chapter 4.  
Effect of heat treatment on the microstructure 
evolution in Yttrium addition in IN-713C alloy 
 
4.1. Introduction 
Since Ni based superalloys have been developed, a lot of refractory elements were 
added to develop the melting point of alloy, the coherency between γ and γ' precipitate 
and high temperature creep rate [1 - 5]. However, multicomponent alloy system can easily 
give rise to increase the compositional segregation in as-cast condition, thereby 
anisotropic microstructure characteristics have been obtained in various Ni based 
superalloys [6, 7]. 
In Ni based superalloys, heat treatment is conducted with solution treatment and aging 
treatment. Solution treatment (ST) is generally conducted in range of between solidus and 
solvus of γ' phase which is referred as solutioning window [8] to remove the elemental 
segregation such as γ/γ' eutectic colony and composition difference in dendrite core and 
inter-dendrite region [9]. After solution treatment with homogenized microstructure, 
aging treatment is conducted to develop the high fraction of coherent γ' phase depending 
on temperature and time. 
However, for IN-713C alloy, little attention has been conducted on microstructure 




4.2. Experimental procedure 
In order to investigate the effect of heat treatment on microstructure, specimens were 
fabricated by Investment casting (called in this study with IN-713_M and IN-713_L) and 
metal mold casting (IN-713_H). Heat treatment was conducted with solution treatment at 
1200oC for 2hour following water quenching and furnace cooling (≈10oC/min). And 
subsequently aging treatment was conducted at 980oC where is in a range for application 
temperature for IN-713C alloy for 10, 50, 100 and 200h followed air cooling, respectively. 
All heat treatment process was conducted in atmosphere because IN-713C alloy is used 
in air environment. Schematic figure of heat treatment process is shown in Fig.4.1. 
Etching before microstructure was conducted in a solution of HCl, CuSO4 and distilled 
water. Microstructure observation was conducted with FE-SEM, EPMA and STEM to 
investigate the compositional change during heat treatment. In order to quantitatively 
measure the change of fractions and sizes of γ' phase after heat treatment, image analysis 
was used with at least 300 number of γ' phases. 
 
4.3. Results 
4.3.1 Effect of solution treatment on microstructure 
Fig.4.2 shows the γ' microstructure of solution treated IN-713_M alloy without Yttrium 
addition. After solution treatment at 1200oC, interdendritic segregations such as γ/γ' 
eutectics totally disappeared (Fig.4.2 (a)). Also, fine primary γ' phases were precipitated 
with rounded shape. The reason why primary γ' has precipitated even though solution 
treatment was conducted at above solvus for γ', might be due to its high nucleation rate 
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as few seconds order. 
Fig.4.3 shows the microstructure of solution treated IN-713C alloy fabricated by 
different cooling. Figs.4.3 (a) to (f) show the initial microstructure of as-cast condition 
before solution treatment (already introduced in Chapter 3), and Figs.4.3 (g) to (i) show 
the water quenched microstructure of IN-713C_L, M and H alloys. As introduced in 
previous chapter 3, higher cooling rate caused the strong dendritic segregation such as 
different microstructure in dendrite core and interdendritic region. After solution 
treatment, some of undissolved primary γ' phases were observed in IN-713_H alloy which 
might be generated from interdendritic region, while fine γ' phases were precipitated 
which is considered as dissolved γ' phases (Fig.4.3 (i)). In IN-713alloy subjected with 
lower cooling rate, undissolved γ' phases were dominantly observed (Fig.4.3 (g) and (h)). 
From microstructure observation after solution treatment subjected water quenching, it 
can be said that, dissolution of eutectic segregation is equal to initial composition of alloy, 
while dissolution ability of γ' phases is changed with size of γ' phase in as-cast condition. 
Fig.4.4 shows the morphological changes of γ' phases after solution treatment 
following water quenching without and with Yttrium addition. In each alloy, undissolved 
primary γ' phases existed when small amount of Yttrium was added as 0.05% in IN-713_L 
and M, 0.02% in IN-713_H alloys (Fig.4.4 (d) to (f)). However, those tended to decrease 
in large amount of Yttrium addition (Fig.4.4 (g) to (i)). Although chemical compositions 
of Yttrium additions in each alloy are different, it can be predicted that because Yttrium 
promoted the elemental segregation in as-cast condition, dissolution ability for primary 
γ' might be changed. 
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Fig.4.5 to Fig.4.7 and Table 4.1 show the elemental mapping results for grain boundary 
segregations in water quenched of Yttrium added IN-713C alloys. As results, Ni tended 
to decrease slightly in 0.05Y, but similar with 0.13Y. In contrary, Al increased in 0.05Y, 
while Al increased along grain boundary in 0.13Y. However, Ti does not show strong 
segregation tendency. Furthermore, other elements such as Cr, Mo (Fig.4.6), Nb, C, Zr 
(Fig.4.7) not obviously changed by Yttrium addition, while Yttrium remained along grain 
boundary (Fig.4.7). As magnified for grain boundary segregation, Yttrium agglomerated 
with Al, Zr and MC carbides (Fig.4.8 and Fig.4.9) in 0.05Y. However, Al segregation by 
Yttrium addition changed to segregate along grain boundary (Fig.4.10). Line profile in 
Fig.4.11 clearly shows that Al, Y and Zr segregated along grain boundary. From elemental 
mapping of water quenched alloys, it can be concluded that small amount of Yttrium 
added increase the Al segregation in matrix, while decrease the Ni, but excess Yttrium 
addition promoted the Al segregation along grain boundary with Yttrium and Zr. 
Fig.4.12 shows the microstructure after solution treatment followed slow cooling in 
furnace. Fig.4.12 (a) to (c) show the low magnifications and Fig.4.12 (d) to (f) show the 
high magnifications of 0, 0.05 and 0.09Y added IN-713C_M alloy. As results, 0Y and 
0.05Y alloys showed no segregation along interdendritic region such as γ/γ' eutectics, 
while those were observed in 0.09Y (Fig.4.12 (c)). Also, as shown in Fig.4.12 (d) to (f), 
morphological evolution of γ' phases occurred during slow cooling which is called as 
splitting phenomenon. Splitting of γ' phase in Ni based superalloy, is generally occurred 
to reduce the interfacial energy between γ and γ' during slow cooling. All of alloys showed 
splitted γ' phases, but no significant change by Yttrium addition was observed about 
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morphology of γ' phase. 
4.3.2 Effect of aging treatment on microstructure 
Fig.4.13 to Fig.4.17 show the microstructure characteristics after aging treatment 
conducted at 980oC for 10, 50, 100 and 200h, subsequently air cooled. Fig.4.13 shows 
the microstructure observation results, and Fig.4.14 to Fig.4.17 show for calculated sizes 
and fractions of γ' phases in each aging time without and with Yttrium addition. 
Morphologically, splitted γ' phases were observed in aged for 10h without and with 
Yttrium addition, and those sizes do not obviously change until 50h in all alloy. However, 
coarsening of γ' phase was observed in 0Y alloy aged for 200h, while that was not 
occurred in Yttrium added alloys which means coarsening of γ' phase might be occurred 
after 100h aging in 0Y alloy. As shown in Fig.4.14 to Fig.4.16, size change of γ' phase 
was strongly observed from aged 100h. As for accuracy of size calculation of γ' phase, 
more than 300 numbers of γ' phases were chosen in all alloys to reduce the calculating 
error ranges. Therefore, it is obvious that small amount of Yttrium addition retarded the 
coarsening of γ' phase after 100h of isothermal aging in IN-713C alloy. Fraction of γ' 
phase was shown to be increased up to aging for 10h, but decreased gradually during 
aging treatment, especially for Yttrium added alloys (Fig.4.17). Previous study indicated 
that when the aging treatment is conducted closed to solvus temperature of γ' phase, 
fraction tends to decrease due to resolution of γ' phase [9]. Table 2 shows the equilibrium 
solvus temperature calculated by Thermo calc simulation. Thus, it can be predicted that 
decreasing fraction of γ' phase in Yttrium added alloys might be different equilibrium 
solvus temperature of γ' phase. 
152 
 
Fig.4.18 and Fig.4.19 show the STEM observation and distribution coefficient 
calculation results for water quenched alloys. From the STEM observation, it can be 
identified that morphological change after water quenching is not directly by Yttrium 
distribution in γ' phase because Yttrium does not exist in γ' phases. Fig.4.19 shows the 
elemental distribution calculated by STEM-EDS. Yttrium changed the distribution 
behavior of Cr, Mo and Ti to be stronger in γ' than 0Y. From EDS analysis, the lattice 
parameter of 0 and 0.05Y alloy was calculated with Vegard’s relationship [10] by, 
αγ = 3.524 + 0.110CCr + 0.478CMo + 0.179CAl + 0.422CTi + 0.7CNb              (1) 
αγ' = 3.57 – 0.004C'Cr + 0.208C'Mo + 0.258C'Ti + 0.46C'Nb                       (2) 
where αγ and αγ' are the lattice parameter for γ and γ' phase, and Cx and C'x indicate the 
composition of each element in γ and γ' phase (Table 3). Lattice parameter of both γ and 
γ' phase increased from αγ = 3.5872 and αγ' = 3.5423 in 0Y to αγ = 3.5966 and αγ' = 3.5438 
in 0.05Y, as well as misfit change of -1.259% to -1.478%. 
Fig.4.20 to Fig.4.21 show the EPMA mapping results of aged for 200h. Interestingly, 
grain boundary segregation dominantly changed by Yttrium addition that Al, O and Y 
rich particles segregated along grain boundary, while composition of Al decreased in γ + 
γ' matrix (Fig.4.20). In 0Y alloy, grain boundary mainly consists of Cr-rich carbide 
(Fig.4.21), while its existence was not obvious in Yttrium added alloy. Also, composition 
of Cr was stronger toward γ + γ' matrix in Yttrium added alloy. From EPMA mapping, it 
can be concluded that, Yttrium changed the elemental distribution of Cr as strong 
distribution tendency toward to γ + γ' matrix, and Al as grain boundary segregation with 
oxygen. Moreover, it can be again said that Yttrium promoted the Al oxide along grain 
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boundary during isothermal heat treatment. Compositions of Al rich oxide is listed in 
Table 4.    
As continuously, Fig.4.22 and Fig.23 shows the STEM observation and distribution 
coefficient calculation results in aged for 200h of 0 and 0.05Y alloys. Fig.4.23 and Table 
5 demonstrate the elemental distribution in γ and γ' phase as well as lattice parameters for 
those. The tendency of Cr and Mo distribution was changed reversely compared with 
before aging (Fig.4.19), while Al and Ti became stronger in γ' phase. Lattice parameters 
and misfit changes were not obviously demonstrated by Yttrium addition. 
 
4.4. Discussions 
4.4.1 Morphological changes of γ' phases after solution treatment by Yttrium addition 
Numerous studies for solution treatment effect on γ' phase have been introduced [11-
14]. In as-cast condition, because of compositional inhomogeneity in dendritic structure 
such as segregations, it is very difficult to totally dissolve the γ' phase into γ matrix. Thus, 
partially dissolved γ' phase is generally observed. Arabi et al., [15] reported 
experimentally about effect of different morphologies of γ' phases on solution treatment 
and aging treatment in IN792 superalloy. Large size of γ' phase was hard to dissolve into 
γ matrix under given heat treatment condition which means dissolution behavior of γ' 
phase during solution treatment is governed by initial size of γ' phase in as-cast condition. 
T. Grosdidier et al., [16] also suggested that dependency of dissolution on coherent strain 
between γ and γ' phase. In other words, higher solution treatment temperature, smaller 
particles, lower misfit strain at interface of matrix and particles can enhance the 
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dissolution rate. In this study, when γ' phase in as-cast condition has larger size, 
undissolved cubic γ' phases become more dominant (Fig.4.3). Therefore, morphological 
changes of γ' phases should be caused by different interfacial area of initial γ' phases. 
4.4.2 Coarsening evolution of γ' phase by Yttrium addition 
Coarsening process of γ' phase is very important factor for Ni based superalloy because 
it should be occurred during in service at elevated temperature under stress. Coarsening 
of γ' phase is generally progressive by Ostwald ripening [17-19]. Smaller particles are 
consumed for larger particles by chemical potential gradients which drive the interparticle 
diffusion of solute. The coarsening law can be expressed [20-23] as, 
?̅?3 − ?̅?𝑜 
3 = 𝑘𝑡                                                         (3) 
where ?̅?3 (a/2) is mean size of γ' phase, ?̅?𝑜 
3 (ao/2) is mean initial size of γ' phase, t is 
exposed time. 
𝑘 = 8𝜎𝑉𝑚
2𝐷𝐶𝑒/9𝑅𝑇                                                    (4) 
where k is the rate constant, σ is the particle/matrix interfacial energy, Vm
 is molar volume 
of the precipitate, D is diffusivity of precipitate, Ce is equilibrium matrix composition, R 
is gas constant and T is absolute temperature [20-23]. 
Fig.4.24 shows the size evolution under LSW theory as t1/3 law. However, as shown in 
Fig.4.24, the coarsening process of γ' phase was seemed to be obeyed by Ostwald ripening 
after precipitation in initial aging stage. For conventional IN-713C alloy (0Y), LSW 
pitting is not matched due to coalescence after aging on 200h, while Yttrium added alloys 
showed well pitted behaviors. Therefore, coarsening behavior of γ' phase should be 
differently considered.  
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K.Y. Cheng et al. [24], suggested the influence of local chemical segregation on the 
directional coarsening of γ' phase in CMSX-4 superalloy. The directional coarsening 
under load free state was occurred due to chemical gradient at interface of γ/γ' phase. This 
phenomenon is believed to occur by different elemental diffusion process in γ' phase. The 
factors affecting directional coarsening of γ' phase can be considered as ⅰ) misfit strain at 
interface of γ/γ' phase, ⅱ) chemical gradient by distribution difference between γ and γ' 
phase, and ⅲ) diffusivity of atoms ahead γ or γ' phase. Lower misfit strain, chemical 
gradient and diffusivity may result on retarded coarsening process. 
As calculated misfit strain before and after aging process, no dominant change was 
observed as shown in Table 4.3 and 4.5. This can be said that effect of misfit strain is not 
dominant factor for directional coarsening in this study. 
Secondly, Al and Ti in γ' phase were enriched in Yttrium added alloy. Y. Minamino et 
al., [25] and J. Cermak et al., [26] calculated for diffusivity of Al and Ti in γ' phase 
(Fig.4.25). The diffusivity of γ' phase can be decreased by Al and Ti at high temperature 
which means enriched Al and Ti in γ' phase can retard the diffusion rate of γ' phase toward 
γ matrix. Therefore, it can be dominant reason to retard the coarsening process in Yttrium 
added alloy.  
From entire microstructure observation contents, the mechanism of coarsening 
behavior can be predicted following as below (Fig.4.26). 
1) During aging, γ' phases commence to grow by moving equally toward <001> 
direction (elastically softest direction) with elemental diffusion of γ forming (Cr 
and Mo) and γ' forming (Al, Ti and Nb). 
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2) When a chemical gradient is introduced by elemental distribution difference 
between γ and γ', diffusion process would be unbalanced. Elemental diffusion along 
chemical gradient direction, would result in the non-equilibrium growth of γ' phase. 
3) Consequently, γ' phase will be coalesced laterally which is parallel to the chemical 
gradients. It can be said that distribution difference of γ' forming element with γ 
matrix would promote the directional coarsening of γ' phase. 
For Yttrium added alloy (Fig.4.27), 
1) Growth of γ' phases is similarly progressive in Yttrium added alloy. But, elemental 
diffusion of γ and γ' forming will be different due to enrichment of Al and Ti in γ' 
than γ. 
2) Growth of γ' phases is similarly progressive in Yttrium added alloy. But, elemental 
diffusion of γ and γ' forming will be balanced by change of partitioning behavior 
of Al and Ti in γ' phase. 
3) Diffusion of γ' phase during coarsening should be retarded toward γ matrix. 
4) Consequently, directionally coarsened γ' phase would not be observed in Yttrium 
added alloy by lower diffusivity of γ' phase. 
Moreover, directional coarsening of γ' phase is generally happened at elevated 
temperature and it is difficult to balance the compositional field between γ and γ' phase. 
Therefore, Yttrium addition in conventional IN-713C alloy is effective to control the 




1) Homogenization treatment can eliminate the detrimental eutectic colonies which 
was prominent in the as-cast Yttrium added IN-713C alloy. 
2) During isothermal aging, directional coarsening of γ' phase has been occurred in 
conventional IN-713C alloy. 
3) The Al and Ti distribution in γ' phase after aging treatment was changed by 
Yttrium addition which directly contribute to coarsening process due to their low 



















































Fig.4.2 The γ' morphologies after solution treatment, subsequently water quenched, and 















Fig.4.3 Microstructures before and after solution treatment, subsequently water quenched 
IN-713 alloys; (a) – (c) for γ/γ’ eutectic segregation in as-cast condition of IN-713_L, M 
and H, and (d) to (f) γ’ in as-cast condition of of IN-713_L, M and H, and (g) to (i) for γ’ 







Fig.4.4 The γ' morphologies after solution treatment, subsequently water quenched in 
differently cooled alloys without and with Yttrium addition; (a) - (c) showing for 0Y, (d) 





















Table 4.1. Compositions in γ + γ’ region. 
(at. %) Ni Al Ti Cr Mo Nb 
0Y 71.09 10.81 0.78 14.25 2.36 0.7 
0.05Y 69.44 11.67 0.83 14.74 2.53 0.75 




















Fig.4.7 Elemental mapping distribution for Nb, C, Zr and Y in water quenched 0, 0.05 


















































Fig.4.12 Microstructure after solution treatment following slow cooling; (a) to (c) low 











































































































































































Table 4.2. Equilibrium solvus temperature and fraction of γ' phase. 
Equilibrium 0Y 0.05Y 0.09Y 
γ' (oC) 1152.88 1152.77 1152.69 


























































Table 4.3. Lattice parameter and misfit of 0 and 0.05Y after ST+Water quenching. 





























Table 4.4. Compositions of Al rich oxide in Yttrium added alloy. 
(at. %) Cr Ni Nb Al C O B Y Ti Mo Zr 
0.05Y 1.338 9.102 0.518 13.32 2.753 55.52 9.405 0.089 0 0.623 7.32 



































Table 4.5. Lattice parameter and misfit of 0 and 0.05Y after aging for 200h. 
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Chapter 5.  
Microstructure evolution of IN-713C alloy 
fabricated by electron beam melting 
 
5.1 Introduction 
Ni based superalloys have been used for the high temperature structural materials such 
as turbine sections [1-3]. In order to develop the high temperature mechanical property 
of Ni based superalloy, extensive researches have been conducted by advancement of 
fabrication technique [4] and alloy composition [5]. Because turbine blades and other 
turbine applications with Ni based superalloys are mostly exposed under severe creep 
stress by centrifugal rotating, equiaxed grain, longitudinal columnar grain and single 
crystal alloys were sequentially developed to minimize and reduce the grain boundary 
area and anisotropic grain orientation.      
Until present, single crystal superalloys are being intensively investigated to improve 
the microstructure stability at extremely high temperature above 1100oC using with high 
cost of refractory elements such as Pt [6], Re, Ru and Ir [5,7,8]. Although refractory 
elements have showed substantial advantages for microstructure characteristics of 
gamma and gamma prime, however, because those elements considerably affect to 
solidification behavior, micro-segregation during solidification is dominantly observed 
in as-cast condition which is detrimental for high temperature application. For that 
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reason, it is necessary to develop advanced manufacturing technique which can properly 
control the combination of microstructure and solidification behavior. 
 Recently, as introduced for the fourth industrial revolution, additive manufacturing 
(AM) which is based on 3D printing technique, is extensively concentrated on many 
fields to apply in industry such as ceramic, polymer and metals. Among many processes 
in AM, electron beam melting (EBM) process has unique characteristics that, 
1) it is possible to control the solidification structure with broad process parameter by 
beam power and scanning speed, and 
2) detrimental segregation and precipitate size can be reduced by self-quenching during 
process which is much more quick than conventional casting process.  
Because of these advantages, number of studies for Ni based superalloys are increasing 
exponentially. Representative EBM equipment is shown in Fig.5.1. Furthermore, NASA 
and GE compony have embarked on preliminary simulation in jet engine system [9]. It 
is no doubt for necessity of study to extend in other Ni based superalloys. 
 Inconel 713C (IN-713C) alloys is the alloy applying in the impeller of turbine wheel. 
For this part, the inhibition of columnar grain growth and the enhancement of the 
equiaxed grain formation are key factors to improve workability owing to large 
centrifugal force, bending moment, twisting torque, and so on in different directions 
depending on the location. Therefore, equiaxed grain structure should be well formed to 
satisfy the application field. 
In previous study, small amount of Yttrium addition promoted the equiaxed grain 
formation in center of ingot. Mainly, Al and Ti play a role to strengthen the gamma 
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prime phase, but during solidification, their role was suggested to increase the residual 
liquid with Yttrium addition, thereby accelerating the dendrite fragmentation. 
Especially, extremely small amount (0.02~0.05 mass%Y) addition in IN-713C alloy 
improved the high temperature stability for elongation and rupture life which means 
small amount addition are not harmful for microstructure at elevated temperature. Thus, 
it could be considered as novel extremely micro-alloying element for IN-713C alloy as 
well as application in turbine wheel.  
However, there are very limited study for EBM application on turbine wheel 
materials as well as role of Yttrium addition during process. In addition, most of studies 
have focused on commercial turbine blade alloys such as IN-718, CMSX series and 
Rene alloys. 
 Therefore, objective of study is to investigate the microstructure characteristics of 
Yttrium added IN-713C alloy fabricated by EBM process. 
 
5.2 Experimental procedure 
5.2.1 Chemical compositions and powder characteristics 
Table 5.1 shows the chemical compositions of IN-713C alloy used in this study. 
Chemical composition was analyzed by ICP measurement. Compositions are shown with 
cast alloys and powders without and with Yttrium addition. Powders were produced by 
atomizing process (worked in Hitachi Metal Co.,).  
 Fig.5.2 shows the powder morphologies before EBM process. Fig.5.2(a) to Fig.5.2(f) 
show for atomized powder, cross sectioned powders and magnified images of cross 
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sectioned for 0Y and 0.1Y alloys. Powders are mostly spherical in all conditions. 
5.2.2 Sample manufacturing and cutting 
 Fig.5.3 shows the EBM process sequences. As shown in figure, EBM process is 
following from raking powder on the metal plate and preheating the powder to reduce the 
internal stress which is formed during powder manufacturing process. And then, powders 
are selectively melted by electron beam, and consequently one-layer process is finished 
by stage down. This cycle is progressive until the end of entire process. Table 5.2 shows 
the EBM process parameters conducted in this study. For Yttrium added IN-713C alloy, 
process parameter was chosen with two of parameters which has  
 Fig.5.4 shows the as built samples after process. Fig.5.5 shows the schematic of the 
sample cutting ways. Samples were designed with rectangular shape to cut and progress 
conveniently the post process such as wire cutting. Samples were cut with different height 
from bottom part designated as Z0, to top part designated as Z50. 
 Fig.5.6 shows the temperature profile which was recorded during EBM process. 
Thermal couple in machine is set below metal plate. Recorded temperature profile 
indicates the temperature on the plate during process. Fig.5.7 shows the schematic of 
temperature change during EBM process recorded by thermal couple.  
 
5.3 Experimental results  
 Fig.5.8 shows the grain structures of as built IN-713C alloy in bottom (Z0), middle (Z35) 
and top (Z50) part. Fig.5.8 shows for condition A and fig.5.9 shows for condition B. As 
results, each figure shows the RD, ND and TD (building direction). Even though many 
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previous studies introduced the columnar grains grown along [001] direction, this study 
showed very weak [001] grain texture in every height of condition A and B alloys. 
Fig.5.10 shows the comparison of solidification structure with other commercial Ni based 
superalloys fabricated by EBM process. Representatively Rene 80, CM247LC, and 
IN718 alloys are compared which have been investigated in Chiba laboratory. In similar 
process parameter, Yttrium added IN-713C alloy showed dominant difference of 
solidification structure. This comparison suggests that Yttrium added IN-713C alloy is 
easy to form the equiaxed grain during EBM process.  
Fig.5.11 shows the grain rotation angle maps of as built IN-713C alloy with Yttrium 
addition for condition A and B in different height. Calculated grain rotation angles are 
shown in table 5.3. In here, low angle boundary is called for less than 15o, and high angle 
boundary is called for above 15o. In both condition A and B alloys, as higher as stacking 
height, high angle boundary fraction decreased, while low angle boundary fraction 
increased. These results suggest that in IN-713C alloy with Yttrium addition, as higher as 
stacking height, low angle boundary will be formed further. Fig.5.12 shows the grain size 
distribution of as built condition A and B alloys. 
Fig.5.13 and Fig.5.14 show the OM observation results in different heights of condition 
A and B alloys. As results, a lot of solidification cracks were formed in both condition A 
and B alloys, while those cracks were observed in every height of samples.  
Fig.5.15 and fig.5.16 shows the EPMA mapping results for condition B in middle height 
of sample.  
Fig.5.17 shows the FE-SEM observation results for grain boundary in condition A and 
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B alloys. Fig.5.17 (a) and (b) show the microstructure for cast alloys to compare the 
interdendritic segregation amounts difference with as built alloys (Fig.5.17 (c) and (d)). 
As results, as introduced in previous study, a lot of interdendritic segregations are formed 
by Yttrium addition in as-cast condition, and MC carbides are shown with size range in 
around 10um. For as built alloys, firstly, no interdendritic segregations were observed 
such as γ/γ' eutectics as well as Cr-rich regions. Also, MC carbide along grain boundary 
effectively refined with size range in around 1~2 um. Table 5.4 shows the composition of 
MC carbide along grain boundary. Mostly, Ni in matrix, Cr and Mo were rich in MC 
carbide and it suggests that MC carbide might transform from MC to M23C6 type which 
is mainly consists of Cr and Mo. Therefore, during preheating process recorded by 
thermal couple, MC carbide might transform into M23C6 type. Fig.5.18 shows the phase 
fraction change in equilibrium state calculated by Thermo calc. simulation with ver. 
TCNI8.1 for Yttrium added IN-713C alloy. From calculation, precipitation of M23C6 
carbide can be clearly predicted which is transformed during preheating process. In 
conventional IN-713C alloy, M23C6 carbide play a role to improve the grain boundary 
strengthening at elevated temperature which is precipitated during isothermal aging 
treatment. However, the meaning for M23C6 carbide precipitation during EBM process, 
can be considered as big advantage for microstructure stability at high temperature during 
in service. Therefore, this can be one of results for microstructure evolution by EBM 
process. 
Fig.5.19 and Fig.5.20 show the γ' microstructure of condition A and B alloys in different 
heights. Fig.5.21 shows the calculated fraction of size of γ' phase. Size calculation was 
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conducted with at least 150 number of γ' particles by image analyzer program. As results, 
morphology of γ' phase showed similar microstructure with aged γ' phase in previous 
chapter 4. This means, during preheating process, because of isothermal heat treatment, 
γ' phase is precipitated and grown at preheating temperature. In both condition A and B 
alloys, morphological change of γ' phase was not obviously observed from bottom part, 
but fraction increased from height of Z40 and relatively refined little microstructures. 
However, calculated results of sizes showed no strong change for that, which means 
because size is too small, it can be shown to be refined by increase of fraction. 
Consequently, during EBM process in IN-713C alloy with Yttrium addition, γ' phase was 
precipitated in around 100~110 nm sizes.  
Yttrium added IN-713C alloy fabricated by EBM process showed great microstructural 
characteristics comparing with conventional cast alloy. More detailed research should be 
progressive as further works in future. 
  
5.4 Conclusion  
1. Yttrium added IN-713C alloy showed equiaxed grain formation comparing with other 
commercial Ni based superalloys in similar process parameter. 
2. Great microstructural characteristics of EBM process were obviously investigated with 
reduced interdendritic segregation such as eutectics, and refined carbides along grain 
boundary comparing with cast alloy. 
3. Yttrium distributed along grain boundary and interior, while it tended to segregate 



























Table 5.1 Chemical compositions analyzed by ICP. 
Mass% Ni Cr Al Mo Nb Ti Zr Fe B C Y 
Cast 
Bal. 12.4 6.4 4.4 2.3 0.8 0.1 0.2 0.01 0.03 - 
Bal. 12.4 6.2 4.5 2.3 0.8 0.1 0.2 0.01 0.02 0.06 
Powder 
Bal. 12.1 5.7 4.5 2 0.65 0.1 1 - 0.014 - 














Fig.5.2. Powder morphologies; (a) to (c) powder image, cross sectioned and 












Fig.5.3. EBM process; (a) deposition of new powder layer, (b) preheating of powder, 























Fig.5.4. As built samples; (a) samples before cutting, (b) condition A and (c) condition 






Fig.5.5. Schematic of the rectangular cutting way for microstructure observation; (a) 















Fig.5.7. Schematic of relationship between temperature record by thermal couple and 
real temperature of powder; (a) before process, (b) initial stage and (c) homogeneous 




















































































































































































Fig.5.10. Comparison of solidification structure with commercial Ni based 








































































Fig.5.17. Microstructure observation; (a) interdendritic segregation in cast alloy, (b) 
large MC along grain boundary in cast alloy, (c) no solidification segregation along 
grain boundary in EBM alloy, and (d) carbide precipitate magnified on marked 



























Fig.5.19. Microstructures of condition A sample in different heights. 
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Fig.5.21. Fraction and size calculation results of γ’ precipitate in different height; (a) 
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Chapter 6.  
Conclusions 
In present study, novel microalloying element addition (Yttrium) has been 
used to improve the high temperature performances of as-cast IN-713C superalloy. 
The main findings are described separately in the following. 
1) High temperature elongation and rupture strength improved by 0.05 mass% 
Yttrium addition in as-cast IN-713C alloy. Also, High temperature tensile 
strength increased by 10% more than conventional IN-713C alloy. Yttrium 
played crucial role to control the reproducibility of high temperature mechanical 
properties by solidification structure change in as-cast condition. 
2) Columnar to equiaxed transition behavior changed by 0.02 and 0.06 mass% 
Yttrium addition in as-cast IN-713C alloy. During solidification, Yttrium 
promoted the residual liquid segregation at the last stage of solidification. Thus, 
elemental segregation changed in dendrite core and interdendritic region by 
Yttrium addition. The segregation of γ'-forming element, especially Al 
promoted the possibility of dendrite fragmentation at center of cast ingot. 
Furthermore, Yttrium compound designated as Ni5Y, promoted the peritectic 
reaction with coarse γ' phase within eutectic colony. Therefore, elemental 




3) Yttrium changed the microstructure characteristics during isothermal aging 
treatment at 980oC in IN-713C alloy. According to change of elemental 
distribution of γ'-forming elements such as Al and Ti, composition of γ and γ' 
phase changed before and after aging treatment. Those elemental distribution 
might change the coarsening rate of γ' phase which was retarded by Yttrium addition 
during aging treatment subjected for 200h.  
4) From EBM melted IN-713C alloy with Yttrium addition, equiaxed grain formations 
were clearly demonstrated comparing with commercial Ni based superalloys under 
similar process parameters. Also, homogeneous microstructure could be characterized 
with low interdendritic segregation, refined MC carbide and homogeneous 
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